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“Great knowledge considers both that which is near and that which is far off, sees 
that which is small as not insignificant, sees that which is large as not necessarily 
significant, knowing that you cannot define the capacity of things.” 
       
The book of Chuang Tzu 
Chuang Tzu 
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Chapter 1  
Introduction 
The aim of the research described in this thesis is to develop a substrate that can 
be incorporated in existing macromolecular crystallization methods, thereby 
improving nucleation, crystal size and crystal quality. The human proteome 
project is designed to map the complete human proteome, to act as a basis for 
new diagnostic, prognostic, therapeutic, and preventive medical applications [1].  
The simplest route to obtain new information about the proteome is by protein 
crystal structure elucidation, using X-ray diffraction. This route requires protein 
crystals of suitable size and quality. However, macromolecular crystallization and 
protein crystallization in particular can be challenging [2, 3]. The development of a 
substrate that can facilitate and improve the crystallization outcome can 
therefore be useful. Several properties of such a substrate are important, e.g. the 
chemical interaction between the protein and the substrate, the lattice match 
between the protein crystal structure and the substrate, and the surface 
roughness. A crystalline material which is atomically flat over large areas, and can 
be modified to tune the chemical properties of the surface, the lattice 
parameters, and the surface roughness would be required in order to investigate 
the influence of the different substrate properties on protein crystallization 
separately. An excellent candidate for this turns out to be muscovite mica, as will 
become evident in the ensuing chapters. The surface modifications of muscovite 
mica, its chemical functionalization, and its effect on protein crystallization of 
some model proteins, will be described in the following chapters. 
 Before describing the novel results some important background 
information will be provided in this introduction. First, the term “crystal” is 
introduced, as this is essential for the understanding of this thesis. X-ray 
diffraction is a means to elucidate the crystal structure and will also be briefly 
discussed. Second, self-assembled monolayer formation, covalent- and metal-
organic frameworks, and 2D-polymers are introduced. These can be used as 
substrate modification, with tuneable chemical functionality, symmetry, and 
lattice parameters. Finally, proteins are discussed, to understand their 
importance, their chemical make-up, and to summarize the available knowledge 
of their interactions with surfaces. 
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1.1 Crystals, X-ray diffraction & Epitaxy 
The ultimate goal would be to develop a universal substrate for protein 
crystallization. Such a substrate does not exist yet, though attempts have been 
made [4]. It is necessary to understand what constitutes a crystal, and in which 
forms it can emerge.  
The definition of a crystal according to the International Union of 
Crystallography (IUCR) is as follows: “A material is a crystal if it has essentially a 
sharp diffraction pattern. The word essentially means that most of the intensity of 
the diffraction is concentrated in relatively sharp Bragg peaks, besides the always 
present diffuse scattering” [5]. This definition basically says that a crystal is a 
compound with periodicity in any number of dimensions. This periodicity was first 
discovered, according to legend, by Rene-Just Haüy, who dropped and shattered a 
prismatic calcite crystal, somewhere in the late 18th century, and from cleaving 
the pieces along its crystallographic planes he deduced the inherent periodicity 
[6]. The periodicity of a crystal can be described by a space group, which describes 
its symmetric properties. All 230 possible space groups for a 3 dimensional crystal 
were derived in 1891 [7, 8], and experimental evidence for this atomic order in a 
crystal came after the discovery of X-rays [9, 10]. A diffraction pattern is 
generated when X-rays are shone through a crystal. The quantitative link between 
the diffraction pattern and the wavelength of the X-rays came in the form of 
Bragg’s law, devised by William Lawrence Bragg [11]. The crystal lattice can be 
derived from the position and intensity of the reflections, something that father 
and son Bragg did for sodium chloride and diamond [12].  
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Figure 1 Photographs of natural muscovite mica crystals (A), and of natural phlogopite mica 
(B), from the Harvard museum of natural history collection. The crystals in Figure 1A are 
approximately 20 cm across in total, the one depicted in Figure 1B is approximately one meter 
in diameter. 
 
A crystal can be abstracted to identical repeating units containing atoms. 
The concept of crystal growth on a substrate can be abstracted to fitting one such 
symmetric repeating unit onto another. When two crystal systems grow on top of 
each other while one crystal follows the crystal symmetry of the other, this is 
called heteroepitaxial crystal growth. The term “epitaxy” was introduced by Royer 
in 1928 [13] and derives from the Greek, ‘epi’ meaning ‘above’ and ‘taxis’ 
meaning ‘an ordered manner’. The first to artificially produce heteroepitaxial 
crystals was Moritz Ludwig Frankenheim in 1836 [14]. Interestingly, it is possible 
to obtain a different crystal structure (a polymorph) using epitaxial growth, that 
would not be stable without the presence of a substrate [15]. A substrate can 
therefore generate protein crystals with inherent molecular order, which could be 
different from crystals grown in a solution. 
Epitaxial crystal growth can substantially lower the nucleation barrier and 
can therefore improve the outcome of a (protein) crystallization experiment [16, 
17]. The lattice match is an important factor in epitaxial growth [18]. It takes into 
account how well the unit cell of the overlayer fits to the unit cell (or several unit 
cells) of the substrate. The surface area match as well as that of lattice axes 
lengths and orientations are important for epitaxial crystal growth [19]. Royer 
determined that a lattice mismatch of 15% or lower is required for epitaxy to be 
possible in salts [13], although it is believed that a smaller tolerance of 3% exists 
for molecular epitaxial growth on solid substrates [20]. Other factors are also 
A 
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important in epitaxial crystal growth, for example, growth temperature [21, 22], 
surface topography [23], and surface chemistry [19, 24, 25].  
 
 
Figure 2 Photograph of natural gmelinite epitaxial on chabazite (A), and atomic force 
microscopy image of epitaxial KCl on muscovite mica (B). 
 
The fact that there are 230 different space groups defining the different 
combinations of symmetry operations inside a crystal makes the prospect of 
developing a universal substrate a daunting task. However, this number can be 
reduced to 17 if only crystal planes are considered for any material crystallizing on 
an atomically flat substrate. Furthermore, statistics derived from the known 
crystal structures show that there are favoured crystal systems in which materials 
crystallize, which can reduce the number even further. However, the variations in 
lattice size makes the amount of variations very large. Therefore, it seems 
impossible to construct one universal substrate. A small number of different 
substrates with a certain combined success rate is a more realistic aim. 
To maximize the chance of success the lattice of the substrate needs to be 
of the same order of magnitude as that of the protein crystals. As an illustration, a 
large number of materials (metals and salts) with a small unit cell (several Å) is 
known to epitaxially crystallize on muscovite mica (with a surface unit cell of 5.2 
by 9.0 Å) [13, 26-34]. This number dramatically decreases as larger molecules are 
considered [35-38], and only one example of an epitaxial protein crystal on 
muscovite mica is known (trichosantin) [39]. Only two cases of epitaxial protein 
crystals exist [19, 39], illustrating the difficulty of this approach and the need for 
new substrates to achieve this. 
 
Recommended reading: [40-43], and further reading: [4, 44, 45]. 
A B 
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1.2 Substrate Functionalization 
An ordered network which matches the lattice dimensions of the protein can 
improve the crystallization outcome, as epitaxial crystallization lowers the 
nucleation barrier [16]. Therefore, it is interesting to look at ways in which such 
substrates can be produced. It is difficult to prepare a crystalline atomically flat 
surface with long range periodicity, approaching the lattice dimensions found in 
protein crystals. A wide range of self-assembled monolayers, covalent- and metal-
organic frameworks exists today, with tuneable lattice parameters and symmetry 
[46], that in principle could be used as substrates for protein crystallization. The 
following paragraph will deal with the available options regarding patterned 
surfaces, discussing their strengths and challenges. 
Self-assembled thin oily films were already prepared at the liquid-air 
interface in 1800 BC [47], and in 1890 Lord Raleigh 1890 made the calculation, 
and conducted the experiment, to show that there is actually a molecular 
monolayer of oil at the liquid-air interface [48]. This system was further 
investigated by Pockels [49], Irving Langmuir [50], and Katharine Blodgett. The 
latter showed that these self-assembled layers could be transferred to a solid 
substrate by dipping a crystal or glass slide through a suitable monolayer [51, 52]. 
This transfer is important to incorporate them in existing protein crystallization 
experiments. Nowadays, it is possible to grow 2D (epitaxial) protein crystals on a 
floating lipid monolayer [53-56], and Calvert et al. used the Langmuir-Blodgett 
technique to transfer this crystalline layer to a solid substrate [57]. In principle this 
would make it possible to elucidate the protein crystal structure. The self-
assembled monolayers that are grown on the air-liquid interface are however 
difficult to integrate into existing protein crystallization experiments, as conditions 
at which the monolayer is stable are different from the protein crystallization 
conditions. 
Monolayers attached to a solid substrate would be easier to incorporate 
in protein crystallization experiments. The first example of a monolayer on a solid 
substrate containing a molecular monolayer with exchangeable chemically 
functionalized end-groups came in 1983, when Ralph Nuzzo and David Allara 
came up with thiol monolayers on a solid gold crystal surface [58]. The stability of 
self-assembled monolayers on solid substrates is important if they are going to be 
used as substrates for protein crystallization. The monolayer should not dissolve, 
lose its periodicity, or react with the solvent, which in the case of protein 
crystallization is usually water based buffers. The stability of monolayers is 
determined by the interplay of kinetics and thermodynamics. If a monolayer at 
the liquid/solid interface is at equilibrium, the amount of molecules attaching to 
the substrate is equal to the amount of molecules going off the substrate in a 
fixed period of time. The equilibrium coverage is determined by thermodynamics 
14 
 
(i.e. factors such as binding energy, concentration, pressure, temperature and 
entropy). In most existing cases however, the molecules are not attached strongly 
enough to the substrate to keep an ordered crystalline network that is ordered 
over large distances required for subsequent protein crystallization on top of the 
network. 
Self-assembled monolayers are usually obtained under conditions 
different from a suitable environment for protein crystallization. If the monolayer 
is prepared at the solid/liquid interface, it needs to be dried or removed from its 
environment if it is going to be used in a protein crystallization experiment. Drying 
a thin film of material can lead to a range of difficulties with regard to preserving 
the crystallinity of the monolayer. Drying introduces dewetting phenomena such 
as the coffee-stain effect [59]. Dewetting is governed by a delicate interplay of a 
variety of forces and interactions between the molecules, solvent and the surface. 
During the drying of the liquid film, capillary waves [60] and other external 
influences may cause surface structures to emerge [61]. The overall result of the 
drying of a liquid film is called the shut-off effect [62], which can be devastating to 
the crystallinity of the monolayer if the molecules are not strongly linked. 
Therefore, a suitable candidate should have strong enough intermolecular 
interactions to be able to resist rearrangement induced by dewetting. 
Several types of molecules have been used to produce self-assembled 
monolayers on muscovite mica [63-71]. Of these molecules alkyl silanes are the 
only candidates that are attached strong enough to withstand solvation during a 
protein crystallization experiment. New molecules will have to be designed in 
order to produce surface structures with lattice dimensions as found in protein 
crystals.  
15 
 
 
Figure 3 STM image of TCDB molecules (chapter 6) self-assembled in phenyloctane on HOPG 
(I = 800 pA, U = 0.9 V). 
 
One more difficulty with self-assembled monolayers is the domain size of 
the ordered layers (see Figure 3). It is very difficult to find examples in literature 
where the domain size of a self-assembled monolayer exceeds 100 by 100 
nanometres [72]. This limits the ability to observe possible epitaxial crystal 
growth, and the formation of large protein crystal nuclei. Furthermore, if there 
are multiple small crystals with the same orientation, then their X-ray diffraction 
peaks add up and the structure can still be determined, while this is not possible if 
the crystals form on domains of the network. Therefore, it is desirable to have a 
single crystalline monolayer (i.e. with only one domain). 
 The fact that a strong interaction is necessary between the molecules in a 
self-assembled monolayer and the substrate, means that the molecules must 
have limited mobility. Thus the domains must not merge, or grow larger via an 
Ostwald-like ripening mechanism. The best way to solve these problems is by 
using a single-crystalline substrate, with as few steps as possible on its surface, 
and a molecule with appropriate symmetry, which epitaxially grows onto this 
substrate and has a strong interaction with it. To find this combination is a 
challenge and is the subject of this thesis. 
One way to avoid the problems encountered with self-assembled 
monolayers is by using a covalent- or metal-organic framework (COF/MOF) as a 
substrate for protein crystal growth instead. These are crystalline open network 
structures composed of organic linkers, with or without metal ions, respectively 
(Figure 4). They can form networks covalently linked in two dimensions stacked 
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on top of each other, or networks linked in all three dimensions. COFs and MOFs 
can be tuned to have different symmetry, pore size, chemical functionality, and 
lattice parameters (approaching protein crystal lattice dimensions) [73-79]. The 
problem with COFs/MOFs however, in terms of application, is their limited 
stability, especially in water, which is the solvent of choice for protein 
crystallization. For example, COFs that are prepared from a starting compound 
that contains a boronic acid group dissociate within a day in water. 3D imine 
linked COFs have also been prepared [80], and are stable in water, but have poor 
crystallinity. Triazine-based COFs are also stable in water [81], but the reaction 
requires more harsh conditions compared to the imine linked COFs, and usually 
only powders are obtained. There are more than 20.000 known MOFs [82], which 
provides a vast amount of available networks with varying chemical functionality, 
symmetries, and lattice dimensions. The challenge is to find the MOFs and COFs 
that are stable in water.  
 
 
Figure 4 Theoretical structure of a COF containing melamine and terephthalaldehyde as 
building blocks. 
 
Very similar to COFs/MOFs are two-dimensional polymers (2DPs), which 
are defined as a covalently bonded molecular network, with large internal 
periodicity that expands far beyond molecular dimensions, and with a layer 
thickness of one molecule [83]. One way to produce 2DPs is by the self-assembly 
of molecules and subsequent polymerization [84-87], but a lack of control over 
the reaction, combined with a common reordering of the self-assembled 
monolayer means that no long-range order is obtained. This makes these 
materials unsuited for protein crystallization experiments. On-surface COF 
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synthesis can yield better networks in terms of domain size, but long range order 
(>100x100 nm2) has not been obtained either [88].  
A different technique to obtain a 2DPs is through the Langmuir-Blodgett 
method. A covalently linked polymer of monomeric thickness has been produced 
by compressing surfactant molecules, containing three anthracene units, until 
they were optimally close packed. Then the molecules were cross-linked by 
applying UV light, which induces a photo-dimerization reaction [89, 90], covalently 
linking the anthracene moieties [91-93]. Although this procedure yields free-
standing covalently linked polymers, the long-range periodicity still has to be 
established. Similarly, free standing metal-organic sheets have also been 
produced, which also lack long-range periodicity [94]. These molecules may 
benefit from a crystalline substrate to induce order into the network (Figure 5). 
To date, the only way of obtaining single layer crystalline networks with 
dimensions larger than 100 by 100 nm has been through exfoliation, which is also 
the easiest way to obtain graphene [95]. A covalent 3D crystal can be obtained by 
producing a crystal of photo-reactive monomer units, with the reactive groups in 
close vicinity and only directed in one plane, and subsequent UV irradiation. 
Single 2D crystalline layers can then be obtained by exfoliation [92, 93, 96]. COFs 
are also suitable for exfoliation [97]. The inherent periodicity of 2DPs, combined 
with their robustness, and the ability to chemically tune the monomeric units 
make these interesting candidates as substrates for protein crystallization. 
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Figure 5 Theoretical idealized 2DP network structure on muscovite mica (Chapter 8). 
 
The techniques that have been used to investigate the surface 
modification in terms of topology, and the crystallinity are atomic force 
microscopy (AFM) [98], and surface X-ray diffraction, respectively.  In AFM a sharp 
tip is used to scan the surface of an object, using the interacting forces between 
the tip and the sample to derive the topography and other information. Surface X-
ray diffraction requires a very strong X-ray source to obtain sufficient diffracted 
intensity from the surface, due to the low amount of scatterers [99, 100]. A 
crystalline two-dimensional material diffracts in a pattern, which is sharp in both 
directions parallel to the surface and diffuse perpendicular to the surface. The 
surface of a three-dimensional crystal has a diffraction pattern composed of bulk 
Bragg peaks, combined with the surface diffraction pattern. A crystal truncation 
rod (CTR) is the diffuse (or continuous) line perpendicular to the surface (along l) 
at fixed h and k diffraction indices. These CTRs contain information about the 
surface structure, and can therefore also be applied for the investigation of 
molecular layers on a crystal surface.    
Recommended reading: [48, 101], and further reading: [83, 102-107]. 
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1.3 Proteins 
Proteins have not been chosen arbitrarily as research subject. Many of the 
proteins native to the human body are structurally resolved and can be found in 
the protein database [108]. But other protein structures still need to have their 
structure elucidated in order to obtain the total picture of the human proteome. 
Knowledge about the proteome may be of benefit to patients who suffer from 
diseases caused by malfunctioning or misfolded proteins, such as Alzheimer, cystic 
fibrosis, Menkes disease, and Wilsons disease [109]. Any technique that helps to 
come closer to understanding the full human proteome is an asset. 
The word protein derives from the Greek root `proteios´, meaning ´of 
prime importance´, and this building block of life was discovered in 1839 [110]. 
Protein is the collective name for macromolecules that consist of one or more 
chains of amino acids and contain 20-33000 amino acids. Proteins are most 
familiar as a constituent of food: the proteins are broken down by enzymes to 
extract amino acids that the human body cannot produce by itself. Enzymes, in 
turn, are a class of proteins that catalyse chemical reactions. The many proteins in 
our body have a wide variety of functions, besides catalysis they duplicate DNA, 
provide a scaffolding in the cytoskeleton and are important in our immune 
system. The number of different proteins in the human body alone is around 
20,000-25,000 [111].  
Protein crystals have been produced as early as 1840 [112], using 
common crystallization techniques such as adding salt as a precipitant, or adding 
organic solvents. The principle of protein crystallization did not change much over 
the course of time [113], and it was a matter of patience before the first enzyme 
[114] and virus [115] were crystallized. Membrane proteins are notoriously 
difficult to crystallize, as they tend to unfold when they are no longer in contact 
with a lipid bilayer. However, the introduction of the ”lipidic cubic phase”, made it 
possible to obtain crystals of membrane proteins and obtain their crystal structure 
[116-118]. This shows that a suitable substrate can be of benefit to the 
crystallization outcome in protein crystallization experiments, even when no 
epitaxial relationship exists.  
20 
 
 
Figure 6 Hen egg white lysozyme protein crystals grown on muscovite mica. 
   
The importance of surface chemistry on protein crystallization was 
illustrated by Falini et al. [119], Tosi et al. [120], and Fermani et al. [121]. They 
demonstrated that large differences in protein crystallization outcome can be 
induced by changing the surface chemistry. Sambasis et al. found an increased 
yield, and a shorter induction time for lysozyme crystallization and less impurities 
in the crystals when they were grown on a crystalline substrate [122]. The degree 
of crystallinity of the substrate is therefore important, and the selection of the 
right self-assembled monolayer, covalent- or metal-organic framework, or 2D-
polymer essential. 
 
Recommended reading: [113, 117, 123], and further reading: [124, 125]. 
1.4 This thesis 
Chapter 2 describes the flatness of the crystal muscovite mica, which makes this 
the ideal starting substrate for functionalization and subsequent protein 
crystallization. Chapters 3-5 describe the functionalization of muscovite mica with 
monolayer formation its surface, of ions, crown-ethers, and organothiols, 
respectively. The use of these functionalized surfaces for protein crystallization is 
described in chapters 6-9, in which the effect of different parameters on protein 
crystallization experiments is investigated. Chapter 6 explores the effect of 
21 
 
surface roughness on protein crystallization, chapter 7 looks at the influence of 
surface chemistry, chapter 8 investigates the effect of a polymer network, and 
chapter 9 explores the influence of materials (zeolites) with large lattice 
parameters on protein crystallization. Functional organothiol layers were also 
prepared on noble metal surfaces, intended to be used for protein crystallization, 
but some of the organothiols reacted with the surface. This is described in chapter 
10. The epitaxial growth of GaN on muscovite mica was reported in literature, 
providing a route to obtain large GaN crystals. An attempt to achieve this is 
described in chapter 11. Finally, an outlook is provided in chapter 12, which gives 
an overview about several remaining options for further research. 
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“One who knows does not speak. One who speaks does not know. The one who 
knows is the one whose doors are shut, whose openings are blocked, whose 
sharpness is blunted, and whose glare is softened. He is one with the subtle truth 
of the universe. 
Thus you cannot get close to such a person by your love to do so. Nor can you keep 
away from him by your desire to do so. You cannot bestow benefit on him, nor can 
you do him harm, because he holds the subtle essence of the universe. 
          
Tao The Ching 
     Lao Tzu 
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Chapter 2 
Muscovite Mica: Flatter than a Pancake 
Summary 
Muscovite mica is a widely used material because of its transparency, heat 
resistance and especially its flatness. This study investigates how flat muscovite 
mica really is. The surface of cleaved muscovite mica was studied with the help of 
several optical techniques, surface X-ray diffraction and with atomic force 
microscopy. The results show that for high-quality muscovite mica, large (> 1 cm2) 
step-free surface areas exist, which makes it one of the flattest materials around. 
Several reasons are given to explain why this crystal is so incredibly flat. The 
flatness of muscovite mica can be exploited in applications such as the surface 
force apparatus and creating a flat interface for organic solar cells. 
 
2.1 Introduction 
Muscovite mica was used in X-ray diffraction as early as 1912 by W.L. Bragg to 
examine whether X-rays are very short electromagnetic waves, as was suggested 
by Max v. Laue [126]. W.L. Bragg suggested that these waves should be regularly 
reflected by a sufficiently flat surface, hence muscovite mica was chosen. His 
experiment showed that the X-ray beam was diffracted by the bulk crystal rather 
than reflected by the surface. The structure of muscovite mica was first studied in 
1927 by Maugain using X-ray diffraction [127]. More recently, muscovite mica has 
become a possible template in the hypothesis of a surface-mediated origin of life 
[128, 129]. The high affinity of the muscovite mica surface for DNA, 
oligonucleotides and lipids makes such a hypothesis plausible [130-133]. In 
geology muscovite mica is used to map hydrothermal mineralization systems 
[134] and also as a means to determine the age of rocks via 40Ar/39Ar dating, in 
order to investigate geological and tectonic history [135]. Furthermore, muscovite 
mica has commonly been used in furnace windows because of its heat resistance 
and transparent properties. Mica can even be found in some shower gels, to add 
lustre and colour [136]. 
 
24 
 
 
Figure 1 Ball and stick model of muscovite mica, showing a glide plane along the c-axis (dashed 
vertical line). 
 
A sample of (001) muscovite mica (monoclinic, a = 0.51906 nm, b = 0.9008 nm, c 
= 2.0047 nm, β = 95.757o, space group C 2/c, chemical formula KAl2(Si3Al)O10(OH)2) 
is easy to cleave along the ab-plane, giving a clean and flat surface. Because the 
surface is atomically flat, muscovite mica is a suitable substrate material for the 
self-assembly of molecular layers [37, 137-139] and the study of thin films, for 
example of Pt [140]. Because of its flatness, muscovite mica has also been used as 
a substrate for the imaging of graphene. The muscovite mica substrate proved to 
be several times better than a SiO2 substrate in terms of the observed graphene 
roughness [141, 142].   
A special application of muscovite mica can be found in the surface force 
apparatus (SFA) where it is used because of its transparency and especially its 
flatness [143, 144]. In a different application, muscovite mica is used as a 
template to produce the active layer for organic solar cells. The interface of the 
active layer will be extremely flat as a result of using muscovite mica, thus 
creating a better contact with the other layers and a better device [145]. 
It is possible to modify the mica surface for protein crystallization purposes [119, 
146] and surface ions can be exchanged for a variety of alkali metal ions [147, 
148]. Changing the surface ions has a direct effect on the ordering of the water 
layers, which is called structure breaking or promoting [130, 143]. Besides the 
SFA, also surface X-ray diffraction (SXRD), atomic force microscopy (AFM), 
molecular dynamics simulations and X-ray reflectivity have been used to 
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determine the surface structure of modified mica and its liquid surface layer [148-
155].  
Because of its glide plane along the c-axis, the (001)  surface of muscovite 
mica can have two different terminations, which are mirrored with respect to 
each other in the  (010)  plane (shown in Figure 1). The different surface 
terminations on the mica surface are separated by steps of ½ 𝑐, or 1.002 nm, in 
height.  
It has been shown that the different terminations can be observed 
through polarized fluorescence microscopy, if a layer of para-hexaphenylene is 
grown on to the muscovite mica. The para-hexaphenylene grows epitaxially along 
the [110]direction of the muscovite mica crystal and this direction is shifted by 
60o when a change in termination occurs. This change in termination is easy to 
observe with polarization microscopy. Therefore, this technique is very suitable 
for the detection of steps with an uneven number (2n+1 nanometre), but it is 
more difficult to distinguish steps of an even number (2n nanometres) [37]. 
Muscovite mica is widely used because of its flatness, but to the best of 
our knowledge it has not been investigated how flat muscovite mica is over large 
areas ( more than (200 x 200) µm2). Therefore, this study aims to investigate how 
flat muscovite mica is over larger distances and to explain why this happens. To 
achieve this, the surface of high- and low-quality muscovite mica was investigated 
with the help of phase contrast microscopy, atomic force microscopy, phase 
shifting interferometry and surface X-ray diffraction. High-quality muscovite mica 
can be visually distinguished from low-quality muscovite mica by the absence of 
incorporated (yellow) contaminants.  
2.2 Experimental 
2.2.1 Specimen preparation 
High-quality muscovite mica of 0.3 mm in thickness (quality grade ASTM-V-1) was 
obtained from S&J Trading Inc., Glen Oaks NY, USA; and low-quality (quality grade 
ASTM-V-1/V-2) mica was purchased from Dumico, Capelle aan de IJssel, the 
Netherlands. The definition for these qualities is as follows: “V-1: Clear - Hard, of 
uniform color, nearly flat, free of all stains, foreign inclusions, cracks, and other, 
similar, defects. V-2: Clear and Slightly Stained - Hard, of uniform color, nearly flat 
and may contain slight discoloration, and very slight air inclusions and not more 
than in one fourth of the usable area” [156]. 
An atomically flat surface of one square millimetre can be obtained by 
using simple adhesive tape to cleave the muscovite mica. However, this was 
improved by cleaving a 0.3 mm thick substrate down the middle. A sharp knife 
was used to make an incision and the two crystal halves were pulled apart 
manually. During the cleaving it was found to be extremely important to bend the 
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crystal as little as possible, in order to reduce stress on the crystal during cleaving 
and obtain a flat surface. For phase contrast microscopy experiments, a 15 nm 
silver layer was evaporated on top of the muscovite mica surface using an in-
house built e-beam evaporator.  
Potassium Acid Phthalate (KAP) (Reag. Ph Eur) was obtained from Merck. 
KAP crystals were grown from water solutions (ultrapure, 18.2 MΩ/cm resistance 
and < 3 ppb organic content) to serve as a reference sample with known step 
height. This was done in order to show that the microscope was sensitive enough 
to detect steps of one nanometre. A droplet of a saturated aqueous KAP solution 
was placed on a microscope glass slide and left to evaporate, so crystallization 
could occur. After approximately five minutes of evaporation, the remaining 
water was blown off using an intense nitrogen flow. This resulted in a clean KAP 
crystal surface as was also reported in [157] and [158]. A silver layer was applied 
to the KAP surface in a similar way as for the muscovite mica. 
2.2.2 Optical surface characterization 
Step heights were determined with the help of several different techniques. AFM 
(Dimension 3100) was applied in intermittent contact mode with NSG 10 golden 
silicon probes from NT-MDT. Steps can easily be revealed by AFM; however, this 
method is not ideally suited for the examination of surface areas larger than (100 
x 100) μm2. Optical phase sensitive microscopy is more advantageous to uncover 
steps on larger surface areas if the steps are separated by a distance larger than 
the wavelength of the yellow light used (580-600 nm). Phase contrast microscopy 
and phase shifting interferometry (PSI) are capable of detecting height differences 
of less than one nanometre [159-162]. In this study these techniques are used to 
scrutinize the mica surface for ½ 𝑐 and higher steps, to validate the occurrence of 
large areas with single termination. An optical surface profiler  (Veeco WYKO 
NT1100) was used in PSI mode to analyze the surface morphology. Finally, an 
optical reflection phase contrast microscope (Reichert MeF2), fitted with a high 
absorption phase plate (95%), was used to explore large mica surface areas for 
the occurrence of steps.   
2.2.3 Surface X-ray diffraction 
SXRD was used to identify and to determine the extent of the two different 
terminations on the muscovite mica surface by measuring surface sensitive 
diffraction rods [100]. SXRD was performed at beam line ID03 of the European 
Synchrotron Radiation Facility (ESRF) in Grenoble, France, using a vertical z-axis 
diffractometer equipped with a 2D detector in the stationary geometry [163]. The 
momentum transfer in the X-ray diffraction experiments is denoted by 
?⃗⃗? = ℎ ∙ ?⃗?∗ + 𝑘 ∙ ?⃗?∗ + 𝑙 ∙ 𝑐∗, with ?⃗?∗, ?⃗?∗ and 𝑐∗ the reciprocal lattice vectors and 
(ℎ𝑘𝑙) the diffraction indices. The diffraction rods are along the l-direction. 
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Because of the (010) glide plane, the diffracted intensity along the (ℎ𝑘) rod from 
termination 1 is the same as that of the (ℎ?̅?) rod of termination 2 (see Figure 1). 
The diffracted intensities on termination 1 of (ℎ𝑘) and (ℎ?̅?) are different. If over 
the measured surface area both terminations are equally present, the two rods 
will therefore be equal, but otherwise not.  
Two types of experiments were performed. First, a full set of (11) and 
(11̅) rods were measured in order to determine the surface termination and 
observe the presence of a single step. Secondly, using only the (1 1 1.4) and 
(1 1̅ 1.4) reflections, an even larger area was determined to be step free.  
The first measurement was performed using a 16 keV beam with 3 mm horizontal 
width, 30 μm vertical width and an incoming angle of 0.6. This led to a footprint 
of 3 by 3 mm. A controlled humidity cell was used. Further details are described in 
[164].  
In the second measurement, surface termination mapping, using the 
(1 1 1.4) and (1 1̅ 1.4) surface reflections, was performed using a 15 keV beam 
having a 1 mm horizontal width, 20 μm vertical width, with an incoming angle of 
0.6; this led to a footprint of 1 by 2 mm.  This surface measurement was 
performed on freshly cleaved muscovite mica, with several micrometres of 
heptane containing a Mn-porphyrin on the surface. This thin layer has no 
influence on the measured reflections. 
For the first experiment a freshly cleaved piece of muscovite mica was 
submerged in an aqueous (ultrapure, 18.2 MΩ/cm resistance and < 15 ppb 
organic content) 0.05 M CsCl ( ≥ 99.999 % trace metals basis, obtained from Sigma 
Aldrich) solution for 40 minutes to exchange the potassium surface ions for 
caesium ions. The surface exchange was done for other purposes [164] and has no 
effect on the relative occurrence of the terminations on muscovite mica. The 
muscovite mica was then rinsed with ethanol (absolute ≥ 99.8% GC, purchased 
from Sigma Aldrich) and placed in a dry nitrogen environment for measurement.   
Model calculations of the SXRD rod of mica were carried out using the ROD code 
[165]. 
2.3 Results and Discussion 
2.3.1 High quality Muscovite Mica 
Many muscovite mica surfaces have been examined in our laboratory, e.g. as part 
of studies on self-assembled monolayers [66]. AFM was used to investigate these 
layers on high quality muscovite mica and during these measurements steps of 
one nanometre were never observed, except on one occasion (Figure 2). This 
observation is remarkable, since it was the only one in over 2500 measurements 
of 2.5 by 2.5 micrometres sized surface areas. This shows that the occurrence of 
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steps on cleaved high-quality muscovite mica is very rare and that step-free areas 
should be of millimetre size [166]. 
 
 
Figure 2 A: AFM image of a one nanometre high step (indicated by the arrows) along the 
diagonal. In addition to this straight step, many other features are visible because the surface is 
covered by an incomplete phthalocyanine layer. B: a cross section along the pink line in the left 
image, where the step (emphasized with green) is 1 ± 0.2 nm in height, corresponding to ½ ?⃗⃗?. 
 
To investigate if the muscovite mica surface is really atomically flat over a 
surface area of such size, phase contrast microscopy was used. First, a 15 nm 
silver layer was evaporated on the cleaved surface to enhance the reflectivity of 
the muscovite mica [167]. The silver layer also served to circumvent interference 
from the  birefringence of the muscovite mica crystal. Four of the images hereby 
obtained were merged and are depicted in Figure 3.  
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Figure 3 Composite of four phase contrast microscopy images of the muscovite mica surface 
comprising a surface area of approximately 0.6 by 0.5 millimetres. The entire area is completely 
flat, without a single step. The vertical and horizontal lines intersecting in the middle are an 
artefact resulting from the merging the different images. The wide rings that are visible are an 
artefact of the microscope (secondary reflection/absorption effects from the ring-shaped phase 
plate) and the central feature is a dust particle that was used as a reference point. The insert is 
contrast-enhanced with respect to the composite to make the Ag granules more visible. 
 
In the whole area of 0.3 square millimetres, no steps are visible. The 
granular structure results from the silver layer, which confirms that the images 
were made in focus. An even wider area was investigated, viz. of  one square 
millimetre (not shown), and again no steps were found.  
To illustrate that phase contrast microscopy is sensitive enough to detect 
steps of one nanometre in height and to further demonstrate that such a step 
remains visible upon the evaporation of 15 nm of silver, a reference measurement 
was conducted on the (010) face of a KAP crystallite. The image obtained  shows 
steps of 1.4 nanometre in height (Figure 4). Similar patterns of 1.4 nm steps on 
(010) KAP imaged by optical phase contrast microscopy have been reported by 
[160]. 
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Figure 4 Phase contrast microscopy image of a KAP (𝟎𝟏𝟎) crystal surface. Many parallel steps 
are visible, which at the lower half of the image change direction. The circular curves are a 
result from inhomogeneous drying. 
 
The height of the steps on the KAP crystal shown in Figure 4 was checked 
using the optical surface profiler in PSI mode. The optical profiler was also able to 
distinguish the individual steps. The measured height was 1.0 ± 0.5 nm. Using the 
same method it was impossible to find any steps of one nanometre on the high 
quality muscovite mica surface over large areas, which is in agreement with the 
phase contrast microscopy measurements.  
Based on these findings, it can be concluded that optical microscopy is 
sensitive enough to detect steps of one nanometre height and that these steps 
remain visible using phase sensitive microscopy after silver deposition. The optical 
observations also prove that cleaved high-quality muscovite is extremely flat, a 
slight bending of the crystal aside.  
To explore even larger areas of the muscovite mica surface, SXRD was 
applied. A mesh of five by two adjacent zones, with a size of three by three 
millimetres for each zone, was examined by measuring the (11) and (11̅) rods.  
Three distinct regions were visible, the first of six by six millimetres with an 
occupancy of 95 ± 5% termination 1, the second transition region of three by six 
millimetres with occupancies of 12 ± 5% and 28 ± 5% termination 1 and a third 
region of six by six millimetres with an occupancy of 5 ± 5% termination 1. The 
occupancy values have error bars of 5%, but based on the microscopy 
observations, it is likely that in fact most areas correspond to a single termination, 
without any steps present. There are then two large regions which are atomically 
31 
 
flat, with in between a transition region as a result of a step. In this high-quality 
substrate we find a rare application of the nanometre sensitivity of X-rays for the 
two terminations with the millimetre lateral resolution of the X-ray footprint.  
The graphs in Figure 5 show the measured structure values for the (11) and (11̅) 
rods for two zones, illustrating the switch from one termination to the other. The 
(11) rod on termination 1 (blue) corresponds to the (11̅)  rod on termination 2 
(red). 
 
Figure 5 SXRD structure factor value curves for termination 1 (A) and termination 2 (B). The 
(𝟏𝟏) rod is depicted in blue and the (𝟏?̅?) rod in red. On termination 1 the blue curve is the (𝟏𝟏) 
rod, but on termination 2 the same shape belongs to the (𝟏?̅?) rod, which means that the zones 
have opposite terminations. 
 
A larger area of a more carefully cleaved muscovite mica surface was 
mapped by comparing the (1 1 1.4) and (1 1̅ 1.4) surface reflections using a grid 
with 2 mm spacing. As can be seen from figure 5, the intensity difference of the 
(1 1 1.4) and (1 1̅ 1.4)  is about a factor 1.5, which is illustrated by the results of 
this measurement as depicted in figure 6. 
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Figure 6 Measured structure factor values for the (𝟏 𝟏 𝟏. 𝟒) reflection (in yellow) and the 
(𝟏 ?̅? 𝟏. 𝟒) reflection (in red) for a muscovite mica surface of 10 by 13 millimetres. 
 
Figure 6 clearly shows the uniform difference between the two 
reflections, leading to the conclusion that the surface is completely flat. If this 
were not the case, overlap and crossovers of the two reflections should be visible. 
This means that there is an area of at least 10 by 13 millimetres which is 
atomically flat. 
2.3.2 Low quality muscovite mica 
Low quality muscovite mica was cleaved and investigated with the help of phase 
contrast microscopy and AFM. The results are depicted in Figures 7 and 8. 
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Figure 7 Phase contrast image of the (𝟎𝟎𝟏) surface of cleaved low-quality muscovite mica. 
 
In the phase contrast image in Figure 7 it is clearly visible that steps and 
cracks are present on the muscovite mica surface, some of which reveal the 
pseudo-hexagonal symmetry of the crystal. These features are representative for 
this grade of muscovite mica. The observations were confirmed by AFM 
measurements (Figure 8), in which many steps of different height are visible, the 
lowest being one nanometre. Cracks are revealed as well. Hence, in low-quality 
mica no extended single-terminated surface areas exist. 
 
Figure 8 A: AFM height image of low-quality muscovite mica. The intersection (B) shows many 
steps of different heights, the lowest being one nanometre. 
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2.3.3 Mechanism and implications 
High quality muscovite mica is extremely flat. If its flatness would be extrapolated 
to the size of the USA, there would at most be one single step of one foot in 
height dividing the country, instead of, for example, the Rocky Mountains. For a 
pancake with a diameter of forty centimetres, it would mean that it would not 
contain any features higher than 35 nanometres, thus muscovite mica is truly 
flatter than a pancake. It is remarkable that a very simple cleavage procedure can 
lead to a substrate that is not only very clean but also very flat. For comparison, 
on silicon step-free areas of 25 by 25 μm2 have been achieved by Blakely et al. 
[168]. If a large step-free substrate of extreme flatness is required, muscovite 
mica is therefore the best choice that we are aware of. 
The occurrence of steps on high quality muscovite mica is so low that it 
has implications on how SXRD data need to be analysed. For most substrates, the 
typical footprint of an X-ray beam will cover many steps and the glide plane 
symmetry will be observed as a mirror symmetry in the data. As we have seen, for 
high-quality mica, it may be necessary to take a non-equal coverage of the two 
terminations [164]. 
The cleaving of muscovite mica has been modelled with the assumption 
that the cracking of the two mica surfaces happens without step generation [169]. 
The assumption Hill et al. make is that cleaving only occurs along the relatively 
weak plane of potassium bonds. We have demonstrated that this is indeed a valid 
approach for this material if the highest quality is used.  
The classical first Griffith theory describes brittle fracture under tensile loading. 
The stress field near the tip decreases with distance, d, from its centre following 
the crude-elastic-approximation 𝜎 = 𝜎𝑐√
𝑑0
𝑑
, with 𝜎𝑐 the critical tensile stress to 
break a bond at its maximal cohesive strength distance, 𝑑0, which is about twice 
the bond length. For muscovite mica, 𝑑0 equals the thickness of a K-layer and the 
distance from the cleavage plane to the next K-layer is approximately  3𝑑0. The 
stress field in the adjacent layer is then about 
1
√3
𝜎𝑐, much below the critical value. 
Since in addition the layer between two K-layers is composed of strong (polar) 
covalent Al-O and Si-O bonds, the fracture is confined to one K-layer in the crystal 
and no steps are formed upon cleavage [170, 171]. 
The fact that very large areas are step free, means that the crystal has a 
near zero density of (screw) dislocations with burgers vector component 
?⃗? =
1
2
〈001〉. The perfect dislocations generate a step of unit height |𝑐|, whereas 
the partials generate a half unit height step 
1
2
|𝑐| upon cleavage. Both dislocations 
are unfavourable from an energetic point of view and thus are not easily formed. 
The energy required for the generation of a dislocation is proportional to the 
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Burgers vector squared, for the ?⃗? = 〈001〉 case, the value of |𝑐|2, which is very 
high. On the other hand, creating a partial dislocation, with smaller burgers vector 
length, requires the creation of a stacking fault, which is energetically 
unfavourable as well [171]. 
The amount of tensile stress exerted on the crystal seems also important 
for the occurrence of steps. This stress is much higher when exfoliating a thin film 
of muscovite mica using adhesive tape than when cleaving a 0.3 mm thick crystal 
in two nearly equal halves. The latter case give the largest step-free areas.  
Finally, defects, incorporated impurities and cracks are also possible sources of 
steps during the cleaving procedure. The difference between the high-quality and 
the low-quality muscovite micas is in the amount of trapped contaminants and 
defects. The more contaminated low-quality muscovite mica is also the sample 
with the most steps, as expected. The amount of these contaminations and 
defects is thus a good indication for how step-free the cleaved muscovite mica 
surface will be. 
2.4 Conclusion 
The surface of different qualities of muscovite mica was investigated with the help 
of phase contrast microscopy, atomic force microscopy, an optical profiler and 
surface X-ray diffraction. For high-quality mica, flat single-terminated areas exist 
with a size larger than  10 by 13 mm2, while in the case of low-quality mica such 
areas do not occur. The amount of incorporated impurities and defects in the 
crystal is a good indication for the step density on the cleaved muscovite mica. 
High-quality mica is therefore an ideal substrate if extreme flatness over large 
areas is required, for example in the surface force apparatus or for organic solar 
cell applications. Because of the large size of single terminated surface, it is 
necessary to take the surface termination into account in the modelling of surface 
X-ray diffraction data or in interpreting other techniques sensitive to the 
termination.  
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“Those who understand, do not say. 
Those who say, do not understand…” 
       
The book of Chuang Tzu 
Chuang Tzu 
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Chapter 3 
Metal ion-exchange on the muscovite mica surface 
Summary 
The surface potassium ions of muscovite mica were exchanged for several 
different metal ions from aqueous solution (Ag, Ca, V, Mn, Fe, Ni, Cu, Zn, Co, and 
Cd). The surfaces were rinsed in water, dried under nitrogen atmosphere, and 
subsequently analysed using atomic force microscopy (AFM), X-ray photoelectron 
spectroscopy (XPS), and, for half the systems, surface X-ray diffraction (SXRD). XPS 
and SXRD confirmed the presence of the different metal ions at the muscovite 
mica surface, with a partial monolayer of the monovalent and divalent ions 
present on the surface. No counter ions from the used salts were detected. AFM 
revealed that Ni-, and Fe-terminated muscovite mica surfaces were partially 
covered by nanoparticles, most likely consisting of metal (hydr)oxide. The 
exchanged ions remained on the surface after rinsing with ultra pure water three 
times. SXRD showed that Cd and Ag have a lower affinity for the muscovite mica 
surface than Cu, Ca, and Mn. 
3.1 Introduction 
Muscovite mica (Figure 1) is a naturally occurring mineral that can reach 
impressive dimensions (4 by 3 meters [172]) and extreme flatness (atomic flatness 
over 1 cm2 after cleavage [173]). Muscovite mica has a wide range of applications, 
ranging from insulation of electronic components to an ingredient in shower gel. 
Research using this material is also very broad: muscovite mica can be used for 
obtaining self-assembled monolayers [36, 37, 174], as a substrate for light 
emitting devices [175], or as a neutron Doppler converter [176].  
Several applications of muscovite mica derive from the ability to exchange 
the surface (potassium) ions for different metal ions or other cationic species 
[177, 178]. Thus, self-assembled monolayers can be stabilized if they contain a 
cationic end group [150, 179]. The surface may also be functionalized to give a 
high antibacterial activity by exchanging the surface ions for silver [180]. 
Muscovite mica can furthermore be used as a reinforcing silicate mineral filler in 
polymer composites, using ruthenium as a surface ion [181]. Finally, the surface 
ions (of muscovite mica in particular) have been shown to be able to influence the 
outcome of protein crystallization experiments [39, 182]. 
In the muscovite mica bulk the occupancy of the K+ ions is one, i.e. each 
layer along the (001) plane contains two potassium ions per unit cell.  Muscovite 
mica is cleaved along the (001) crystal face, resulting in a surface with half the 
amount of potassium atoms (occupancy 0.5, Figure 1B), to ensure charge 
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neutrality of the surface. In case the surface potassium atoms are completely 
replaced by a divalent metal ion, the occupancy of the new metal ion will be a 
quarter, in order to preserve charge neutrality. 
The ion-exchange capability of the muscovite mica surface has been 
widely investigated using a variety of metal ions in aqueous solution [147, 177, 
179-181, 183, 184]. Ricci et al. [185] observed that the metal ion occupancy 
depends on the used salt concentration. The valence and radii of the metal ions 
used in the exchange may affect the outcome, not only because of charge 
neutrality preservation, but also as a result of the different coulomb interactions 
with the muscovite mica surface. The aim of this study is to investigate  the 
ordering behaviour of different metal ions on the muscovite mica surface, and 
establish whether other constituents are present at the surface such as 
hydronium ions or counter ions from the salts. To this end, we have selected a 
large variety of different metal salts, several of which have not been studied 
before in this context, and exchanged the (001) surface potassium ions of 
muscovite mica using a concentration of 1mM. We studied the dry surfaces using 
X-ray photoelectron spectroscopy (XPS) to investigate the chemical constituents. 
The surfaces were further studied using surface X-ray diffraction (SXRD), to 
investigate the occupancy, position, and ordering of the metal ions, which 
provides insight into whether different metal ions have the same or different 
adsorption properties under the same conditions. In addition, we also 
investigated the muscovite mica surfaces using atomic force microscopy, to make 
sure that no (salt) crystallization or other phenomena took place. 
 
Figure 1 (A) Ball and stick model of the structure of muscovite mica; (B) top view of the 
schematic structure of a cleaved muscovite mica (001) surface. On the vertices of the tetrahedra 
are oxygen atoms, at their centre is a silicon (75%) or aluminium (25%) atom and at the centre 
of the hexagons are potassium ions. A cleaved muscovite mica surface contains half the number 
of potassium ions as in the bulk, in order to preserve charge neutrality. The surface unit cell is 
indicated with the black box. 
A 
B 
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3.2 Materials and Methods 
3.2.1 Sample preparation 
A piece of muscovite mica (a = 0.51906 nm, b = 0.9008 nm, c = 2.0047 nm, α = γ = 
90°, β = 95.757°, space group C 2/c, chemical formula KAl2(Si3Al)O10(OH)2, quality 
grade ASTM-V1), obtained from S&J Trading Inc. (Glen Oaks, NY, USA), of 
approximately 1 cm2 was freshly cleaved using a scalpel and put into an aqueous 
solution of 1 mM of one of the salts listed in Table 1 for at least one hour for ion-
exchange at 20°C. These metals were selected because we wanted to use the 
metal ion-exchanged surfaces as templates for protein crystallization, see chapter 
7. The solutions were filtered prior to use with a 0.2 µm pore size Whatman filter, 
to remove any large particles from the solution. After removal from the solution, 
the sample was subsequently washed three times in approximately 15 mL of 
water (ultrapure, 18.2 MΩ/cm resistance and < 3 ppb organic content (MQ)) for 
approximately 1 min. The sample was then dried under a gentle nitrogen gas flow. 
 
Table 1 Salts that were used for ion-exchange and their vendor 
Salt Supplier 
Fe(II)Chloride (99% pure) Merck 
V(III)Chloride (97% pure) Aldrich Chemistry 
Co(II)Iodide (95% pure) Aldrich Chemistry 
Ni(II)Bromide (99.99% pure) Sigma Aldrich 
Mn(II)Chloride (99% pure) Riedel-de Haën 
Ag(I)Nitrate (99% pure) Sigma Aldrich 
Ca(II)Chloride dihydrate (99.5% pure) Merck 
Cd(II)chloride hemi(pentahydrate) (79.5-81% pure) Sigma Aldrich 
Zn(II)Chloride (98% pure) Sigma Aldrich 
Cu(II)Chloride dihydrate (99% pure) Merck 
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3.2.2 Sample characterization 
XPS was performed at ID03 at the European Synchrotron Radiation Facility (ESRF) 
in Grenoble, France, using an aluminium anode as an X-ray source of 1486.6 eV, 
and a hemispherical electron energy analyser with channeltron, with a resolution 
of 0.5 eV.  In order to determine whether the detected elements are on the 
surface of muscovite mica and are not impurities in the bulk, XPS spectra were 
obtained at both a shallow angle (approximately 15°), and at a larger angle 
(approximately 45°). For an element at the surface, the intensity relative to a mica 
bulk signal should be larger at the shallow angle. The intensities of the peaks of 
the different metal ions were integrated, with a linear baseline correction, and 
normalized to the intensity of the muscovite mica K(2s) peak. 
A detailed description of the SXRD experiments can be found in [174]. In 
short, the samples for SXRD were prepared beforehand and measured in a 
nitrogen atmosphere. SXRD was performed at beamline ID03 of the ESRF at 16 
keV using a Medipix area detector and a stationary measurement geometry [163]. 
We scanned the surface to guarantee that we collected data on a single-
terminated surface, using a suitable surface reflection (1 1 1.3) and scanning a 
surface area of 5x5 mm2 with a resolution of 1x5mm2. [173]. In order to fit the 
data to the different models, we used de ROD code [165] and applied an 
estimated systematic error of 10% to each data point.  
Figure 2 shows the model used to interpret the measured datasets and 
the free parameters used for each atom. The cavity is situated at the potassium 
bulk position, and contains metal ions and water/hydronium ions. The free 
variables for these atoms are the occupancy (occ), in-plane and out-of-plane 
Debye-Waller parameters (B||, and B˔) , out-of-plane relaxation (d(c)), and in-plane 
movement (d(a)). Above the cavity position is a water shell, with variable 
occupancy, in-plane and out-of plane Debye-Waller parameters, out-of-plane 
relaxation, and radial movement (d(a+b)). Lastly, there is a water layer present 
above the hydration shell, with variable occupancy, in-plane and out-of-plane 
Debye-Waller parameters, and out of plane relaxation. Fit files, data files, and 
parameter files can be found in the supplementary information. 
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Figure 2 Illustration of the model used to interpret the SXRD data. 
 
AFM measurements were carried out on a Dimension 3100 AFM and a 
NanoScope Multimode 8 AFM with HA-NC tips from NT-MDT in intermittent 
contact mode under ambient conditions. AFM experiments were conducted on at 
least three different samples for each condition. 
3.3 Results and discussion 
We have investigated the metal ion-exchange of the potassium surface ions of 
muscovite mica for the metals listed in Table 1 using a single salt concentration in 
aqueous solutions. The water rinsed and dried surfaces were studied with a 
variety of techniques. First, AFM results will be discussed, subsequently XPS 
results will be presented, and lastly, SXRD experimental results will be shown.  
3.3.1 AFM 
The atomic force microscope only reveals information about the surface topology, 
it does not reveal whether the surface ions have exchanged. However, it does 
show whether 3D particles remain on the surface, i.e. if salt crystallization 
occurred or if the surface has remained completely flat. The flatness of the 
muscovite mica surface is usually not considered when ion-exchange is 
investigated [177, 178]. 
 The solute concentration for ion-exchange was carefully selected, since 
too high concentrations (0.1 and 0.01 M) were found to provide surfaces where 
the salt crystallized. As an example, epitaxial KCl crystals were found on the 
surface when we used a concentration of 0.1 M KCl in water (Figure 3C), with the 
procedure described in the experimental section. We found that concentrations in 
the mM range are required in order to avoid salt crystallization. Figure 3A and B 
show AFM images of the two measured extremes in terms of surface roughness of 
the surfaces obtained after the ion-exchange procedure using the 1 mM 
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concentration. Figure 3A shows the ZnCl2 treated surface, which is as flat as the 
surface of cleaved muscovite mica. The FeCl2 treated surface depicted in Figure 3B 
on the other hand shows many features, which is likely “rust” [186] that has 
formed on the surface. It is unlikely that the particles consist of FeCl2 because this 
should have been removed during the three rinsing steps using water. Iron 
(hydr)oxide, on the other hand, will not dissolve. AFM height images of the other 
ion-exchanged surfaces can be found in the supplementary information (SI-1), 
these surfaces are either completely flat or show features that are smaller 
compared to the Fe-exchanged muscovite surface. The AFM measurements show 
that particles may pose a problem if the surface needs to remain flat after ion-
exchange. 
 
 
Figure 3 Atomic force microscopy height images of ion-exchanged muscovite mica, (A) Zn-
terminated muscovite mica, (B) Fe-exchanged muscovite mica, and (C) muscovite mica surface 
submerged in 0.1 M KCl, and subsequently washed.  
3.3.2 XPS 
XPS reveals that the surface ions of muscovite mica are indeed exchanged for the 
respective cations (Figure4 and SI-2). An XPS spectrum for Zn-terminated 
A B 
C 
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muscovite mica is shown in Figure 4. Clearly distinguished peaks are visible for 
every exchanged surface ion in the XPS spectra (SI-2), except for vanadium, as the 
energies of this element overlap with peak positions of the muscovite mica bulk, 
and except for silver, as this metal ion is a contamination in muscovite mica, and 
was observed in every single measurement. The vanadium ion-exchanged surface 
was not investigated with SXRD, so it is not possible to prove that ion-exchange 
occurred in this case, but the analogy with the other ions makes this very likely. 
The results of the XPS measurements at the two investigated angles are 
summarized in Table 2. This table shows that the normalized peak intensity from 
the metal ions on the different ion-exchanged muscovite micas increases in 
intensity at shallower electron exit angles, which means that the ions are located 
at the surface and not in the bulk.  
Some salts contain a chloride counter ion, if this element is present on the 
surface, peaks should be found at around 200 eV, but experimentally only 
background intensity is observed. This means that the counter ions have been 
washed away. On first sight, this seems to be in conflict with the work by Pintea et 
al. [184], who observed that the Cs+ metal counter ion, Cl-,  was present at the 
surface of the solid-liquid interface during ion-exchange. However, in this in-situ 
study the muscovite mica surface was in contact with the solution, whereas in the 
present ex-situ case the halide anions have been washed away.  
The chemical make-up of the nanoparticles can also be investigated. The 
counter ion should be observed in case salt nanoparticles are present at the 
surface, or absent in the case that a metal (hydr)oxide has formed. The absence of 
a chloride signal confirms that the surface features seen in Figure 3B and in SI-1 
are not metal halide microcrystallites.  
We can conclude that the potassium muscovite mica surface ions have 
successfully been replaced, and that no counter ions are present using this 
procedure.  In the case of vanadium we cannot be certain of a successful metal 
ion-exchange. 
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Figure 4 XPS spectrum of Zn-terminated muscovite mica, measured with an electron exit angle 
of 15⁰. Mo and B is present in the sample holder, Ag is an impurity in the muscovite mica, as 
this peak is observed in every measurement.  
 
Table 2 Intensity of characteristic peaks of the ion-exchanged metal ions, normalized with 
respect to the K (2s) peak 
Peak measured  Normalized 
 intensity 
at 15°  
 Normalized  
intensity 
at 45°  
Ratio 15°/45° 
Cu 2p3/2 7000  1.7 4100
†
 
Ca 2p3/2 2.6  1.3 2 
Cd 3d5/2 4.1  0.7 5.9 
Co 2s 1.1  0.7 1.6 
Fe 2p3/2 3.6  0.8 4.5 
Mn 2p3/2 1.3  0.06 22 
Ni 2p3/2 1.8  0.7 2.6 
V 2p3/2* 1.2*  0.2* 6.0* 
Zn 2p3/2 31  5 6.2 
Ag 4s
‡
 0.08  0.03 2.7 
†The K(2s) peak is very small at the shallow angle measurement, thus the normalized value becomes large, as well 
as the ratio. 
* Vanadium overlaps with a muscovite mica bulk peak, which makes this value less indicative of V being present 
at the surface. 
‡ silver is normalized with respect to the K 2p3/2 peak, as the K 2s peak overlaps with the peaks from Ag 3d3/2, and 
3d5/2. 
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3.3.3 SXRD 
Large SXRD datasets, consisting of at least five different diffraction rods, were 
collected on Ag-, and Cu-terminated muscovite mica, and smaller sets on Cd-, Mn-
, and Ca-terminated muscovite mica. The other ions were not investigated using 
SXRD. Figure 5 shows the (00) and (20) rods to illustrate the differences between 
the differently terminated surfaces.  Note that the SXRD data is not sensitive to 
the possible presence of nanoparticles since these do not contribute to the 
diffraction rods. Thus the surface ion-exchange can be selectively detected.  
 
Figure 5 SXRD data of Cu-terminated muscovite mica (cyan), Cd-terminated muscovite mica 
(green), Mn-terminated muscovite mica (red), and Ca-terminated muscovite mica (blue). 
Theoretical profile from K-terminated muscovite mica is indicated by a black line. The y-axis 
depicts the structure factor amplitude and the x-axis depicts the l diffraction index. The labels 
above each graph indicate the h and k-values for the specific crystal truncation rod. 
  
A large data set allows for  a detailed analysis including the formation of 
hydration shells around the surface ions [184], but here we restrict ourselves to a 
relatively simple analysis in order to focus on the ion-exchange. The data for each 
system was fitted using a model containing the muscovite mica bulk crystal 
structure, a surface with a hydration shell as used by Pintea et al. [184] and one 
partially ordered water layer. A thin water layer is present at the hydrophilic 
muscovite mica surface under ambient conditions and originates from moisture in 
the air. The surface ions and water molecules were allowed to move in plane and 
out of plane, and were given in-plane and out-of-plane Debye-Waller parameters. 
The occupancy of all surface atoms (i.e. metal ion and water) on top of muscovite 
mica surface were also free parameters. If charge neutrality of the muscovite mica 
surface is violated, hydronium ions are introduced at the metal site. A fit for the 
Cu-terminated muscovite mica dataset is shown in Figure 6, corresponding to a χ2 
value of 1.4. The other datasets are shown in the supplementary information SI-3, 
as they are very similar.  
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Figure 6 SXRD data of Cu-terminated muscovite mica (circles with error bar), and fit (line). The y-
axis depicts the structure factor amplitude and the x-axis depicts the l diffraction index. The labels 
above each graph indicate the h and k-values for the specific crystal truncation rod.  Bottom: the 
electron density projected on the z-axis. 
 The model with a hydration shell, one water layer (indicated by the O in 
the z-density plot in Figure 6) and a partial monolayer of copper ions at the 
surface describe the data well. The metal ions are located at the potassium ion 
site of bulk muscovite mica. This is also the case for the other investigated 
surfaces. The occupancy parameter of the metal ions at the muscovite surface, 
extracted from the fit, are listed in Table 3. For the cases of Cu2+, Ca2+, and Mn2+, 
the occupancies are about one quarter as expected on the basis of charge 
neutrality. For two ions the occupancy is significantly less than expected; Cd2+ 
(expected occupancy of 0.25), and Ag+ (expected occupancy 0.5). The muscovite 
mica therefore, has a lower affinity with these ions, with respect to  Cu2+, Ca2+, 
and Mn2+. Hydronium ions have to be present at the muscovite mica surface in 
order to satisfy charge neutrality. 
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Table 3 Occupancy for the different ions on muscovite mica 
Ion Occupancy 
Cu
2+ 0,18 ± 0,04 
Ca
2+ 0,23 ± 0,09 
Ag
+ 0,28 ± 0,03 
Cd
2+ 0,09 ± 0,05 
Mn
2+ 0,32 ± 0,04 
  
 The position of the metal ions was consistently found to be at the bulk 
position of K+, save for some out-of-plane relaxation. From the coverage of the 
Ag+, and Cd2+ metal ions it is clear that a 1 mM concentration is not always 
sufficient for optimal coverage (which is a half and a quarter monolayer, 
respectively). Adjusting the concentration of the used salts will allow for optimal 
coverage. Furthermore, ion-exchange followed by washing with water might 
result in the exchange of the surface metal ions for hydronium ions. 
The combination of the three used techniques (AFM, XPS, and SXRD) have 
therefore unambiguously shown that the ion-exchange was successful. Each 
technique revealed a different insight into the ion-exchange process. AFM 
provided the optimal salt concentration necessary to avoid salt crystallization at 
the muscovite surface (mM range).  XPS revealed the chemical composition of the 
muscovite mica surface, and showed that the muscovite mica surface potassium 
ions were replaced, and that the metal salt counter ion was not present. Lastly, 
SXRD experimental results revealed the position of the ions, and their occupancy. 
Therefore, together these techniques provide a good picture of the metal ion-
exchange process. 
 The described route for ion-exchange can be used, contrary to the 
solution case [184], in cases where the metal salt counter ion should be absent, 
because no counter ions were detected for this route, while counter ions are 
present at the surface in solution [184]. This may be important in the case of self-
assembled monolayer formation or crystal growth. 
3.4 Conclusion 
The combination of AFM, XPS and SXRD data showed that the muscovite mica 
potassium surface ions can be exchanged with Fe2+, Co2+, Ni2+, Mn2+, Ag+, Ca2+, 
Cd2+, Zn2+and Cu2+ ions. These ions remain at the surface even after rinsing with 
water, while their counter ions (like Cl-) are washed away. In the case of Fe, and Ni 
(hydr)oxide nanoparticles are present on the surface, in all other cases the mica 
surface is atomically smooth. These surfaces have potential for investigating 
protein crystal growth and as stabilizing interfaces for organic compounds in the 
construction of self-assembled monolayers. 
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“However gratefully one may welcome the objective spirit – and who has not been 
sick to death of all subjectivity and its confounded ipsissimosity! – in the end, 
however, one must learn caution even with regard to one’s gratitude, and put a 
stop to the exaggeration with which the unselfing and depersonalising of the sprit 
has recently been celebrated, as if it were the goal in itself, as if it were salvation 
and glorification – as is especially accustomed to happen in the pessimist school, 
which has also in its turn good reasons for paying the highest honours to 
“disinterested knowledge.” The objective man, who no longer curses and scolds 
like the pessimist, the ideal man of learning in whom the scientific instinct 
blossoms forth fully after a thousand complete and partial failures, is assuredly 
one of the most costly instruments that exist, but his place is in the hand of one 
who is more powerful. … ” 
        
Beyond Good and Evil 
     Friedrich Nietzsche 
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Chapter 4 
Dibenzo Crown Ether Layer Formation on Muscovite 
Mica 
Summary 
Stable layers of crown ethers were grown on muscovite mica  using the 
potassium-crown ether interaction. The multilayers were grown from solution and 
from the vapour phase and were analysed with atomic force microscopy (AFM), 
matrix assisted laser desorption/ionization time of flight (MALDI-TOF) and surface 
X-ray diffraction (SXRD). The results show that the first molecular layer of the 
three investigated dibenzo crown ethers is more rigid than the second, because of 
the strong interaction of the first molecular layer with the potassium ions on the 
surface of muscovite mica. SXRD measurements revealed that for all of the 
investigated dibenzo crown ethers the first molecule lies relatively flat whereas 
the second lies more upright. The SXRD measurements further revealed that the 
molecules of the first layer of dibenzo-15-crown-5 are on top of a potassium 
atom, showing that the binding mechanism of this layer is indeed of the 
coordination complex form. The AFM and SXRD data are in good agreement, and 
the combination of these techniques is therefore a powerful way to determine 
the molecular orientation at surfaces. 
4.1 Introduction 
Cleaved (001) muscovite mica (a = 0.51906 nm, b = 0.9008 nm, c = 2.0047 nm, α 
= γ = 90°, β = 95.757°, space group C 2/c, chemical formula KAl2(Si3Al)O10(OH)2 
(Figure 1))  is atomically flat, [173] which makes it a suitable material for the self-
assembly of molecular layers. [139, 187] Many self-assembled layers are stabilized 
by alkyl chain – alkyl chain interactions, hydrogen bonding, π– π stacking, Van der 
Waals interactions, covalent bonds, or a combination of these interactions. [188-
191] Crown ether-based molecules are known to bind specifically to alkali and 
other metal ions, where the specificity is controlled by the sizes of the ion and the 
crown ether ring. [192-194] Muscovite mica has potassium ions present on its 
(001) surface, which might be able to form a coordination complex with crown 
ether based molecules. Furthermore, the potassium ions at the muscovite mica 
surface can be exchanged (e.g. for sodium, caesium or manganese ions), [147, 
148] which opens the way to modify the surface’s affinity for differently sized 
crown ethers. These versatile properties make the muscovite mica/crown ether 
combination an interesting candidate for the growth of (ordered) molecular 
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layers. Crown ethers can be tailored and functionalized at will, therefore these 
ordered molecular layers could be used as a template for other crystal structures. 
 
Figure 1 Left: Side-view, ball-and-stick model of the atomic structure of muscovite mica; the 
surface after cleavage corresponds to the horizontal dotted line through the potassium atoms. 
The arrows on the left indicate the ½ ?⃗⃗? (or 1 nm) single step height of the muscovite mica 
crystal.  (Right) Top-view, schematic structure of a muscovite mica (001) surface. On the 
vertices of the tetrahedra are oxygen atoms, at their centre is a silicon (75%) or aluminium 
(25%) atom and at the centre of the hexagons are potassium ions. A cleaved muscovite mica 
surface contains half of the number of potassium ions shown, at random positions in order to 
preserve charge neutrality. 
 
In previous research muscovite mica has been used as a support for 
crown ether-based polymer and nanoparticle structures. [195, 196] The stability 
of crown ether-based polymers attached to ground muscovite flakes has also 
been investigated, [197] but to the best of our knowledge, no attempts have been 
made to produce ordered crown ether based molecular layers on muscovite mica. 
 
Figure 2 (Left to right) Chemical structures of dibenzo-15-crown-5, dibenzo-18-crown-6, and 
dibenzo-24-crown-8. 
 
In this chapter, the formation of molecular layers of three different crown 
ethers (dibenzo-15-crown-5 (DB15C5), dibenzo-18-crown-6 (DB18C6), and 
dibenzo-24-crown-8 (DB24C8) (Figure 2)) on potassium- and sodium-terminated 
muscovite mica is described. The layers were prepared using two different 
techniques, that is, vapour deposition and submersion in a solution of crown 
51 
 
ether. The stability and formation of the layers were investigated with the help of 
atomic force microscopy (AFM) and in a solution with in situ AFM, respectively. 
The presence of the crown ether at  the surface was verified with the help of 
matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass 
spectrometry. Finally, layers of the three different crown ethers were investigated 
using surface X-ray diffraction (SXRD) at the European Synchrotron Radiation 
Facility (ESRF) in Grenoble, France. 
4.2 Experimental Section 
4.2.1 Specimen Preparation 
Muscovite mica (quality grade ASTM-V1) was obtained from S&J Trading Inc. (Glen 
Oaks, NY, USA); the dibenzo-15-crown-5 (purity 97%) and dibenzo-24-crown-8 
(98%) were purchased from Sigma-Aldrich, and the dibenzo-18-crown-6 (98%) 
was purchased from Acros Organics. All crown ethers were used without further 
purification. Solutions of (1.0 ± 0.3) × 10−4M  crown ether were prepared by 
dissolving the crown ether in ethanol (absolute, Emsure, ACS, ISO, Reag. Ph. Eur. 
obtained from Merck). These solutions were left for 2 to 7 days at room 
temperature to equilibrate prior to use.  
In the submersion method, a freshly cleaved 1 cm2 piece of muscovite 
mica was submerged in a solution of (1.0 ± 0.3) × 10−4M of crown ether for 10 
s. The muscovite mica was then slowly removed from the solution in 
approximately 20 s and dried for 2 min in a vertical position and at least 1 hour in 
a horizontal position under a gentle nitrogen gas flow. If the sample was washed 
in water (ultrapure, 18.2 MΩ/cm resistance and < 3 ppb organic content (MQ)) 
this was done immediately after the removal from the crown ether solution, by 
subsequent submersion in water for 10 s and removal and drying as described 
previously.  
In the case of vapour deposition, a freshly cleaved 1 cm2 piece of 
muscovite mica was attached to the bottom of a crystallizer (beaker) using double 
sided adhesive tape. The beaker was then turned upside down onto a glass plate, 
effectively making a glass container. This container contained crown ether powder 
and was heated at the base to 85 ± 5 oC, leading to a temperature of 35 ± 5 °C at 
the position of the muscovite mica, located 7 cm above the heat source. The 
muscovite mica was exposed for at least 1 h to the crown ether vapour. 
The ion exchange of the potassium for sodium ions on the surface was performed 
by submerging freshly cleaved muscovite mica samples in a 10-2M solution of NaCl 
(Emsure, ACS, ISO, Reag. Ph. Eur. obtained from Merck) in water (MQ) for at least 
one hour. The muscovite mica was then removed and washed twice in water 
(MQ). The muscovite mica was dried in a vertical position for 2 min and in a 
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horizontal position for at least 1 h under gentle nitrogen gas flow. The molecular 
layers were then prepared as described above without further cleaving.  
Glassware was cleaned vigorously, first using soap and a bristle brush for 
the persistent tarnish, and subsequently rinsed 10 times with water (MQ) and 3 
times with ethanol (Emsure etc.) to ensure that as little contamination as possible 
was present. 
 
4.2.2 Surface Characterization 
AFM was performed on dry samples and in a liquid environment (in situ). AFM 
was applied in intermittent contact mode (Dimension 3100) with NSG 10 golden 
silicon probes from NT-MDT. In situ measurements were performed using a 
Nanoscope IV (multimode) with SNL probes from Veeco. A liquid cell was used for 
the in situ measurements, where a rubber O-ring connects the sample with the 
cell and prevents the liquid from evaporating.  
MALDI-TOF measurements were performed using a Biflex III MALDI-TOF 
MS in reflectron mode, with an α-cyano matrix (20 mg of α-cyano-hydroxy 
cinnamic acid in 0.5 mL of acetonitrile and 0.1% trifluoroacetic acid, which results 
in a saturated solution). Mica samples were fixed to an MTP adapter for a 
prespotted anchor chip with double-sided conducting adhesive stickers (originally 
intended for SEM) and were spotted with 0.5 µL of matrix solution. 
SXRD was performed at beamline ID03 of the ESRF using a vertical z-axis 
diffractometer equipped with a 2D detector, in the stationary geometry. [163] The 
momentum transfer in the X-ray diffraction experiments is denoted by 
?⃗⃗? = ℎ ∙ ?⃗?∗ + 𝑘 ∙ ?⃗?∗ + 𝑙 ∙ 𝑐∗, with ?⃗?∗, ?⃗?∗, and 𝑐∗ being the reciprocal lattice vectors 
and (ℎ𝑘𝑙) being the diffraction indices. The diffraction rods are oriented along the 
𝑙 -direction. The experiment was performed using a 15 keV beam having a 1 mm 
horizontal width and 20 μm vertical width, with an incoming angle of 0.6 for 
nonspecular data; this led to a footprint of 1 by 2 mm. Structure factors from 
several crystal truncation rods (CTRs) were derived from the detector images 
using MATLAB code written for this purpose. Fitting of the SXRD data was carried 
out using the ROD program. [165] 
The surface termination was characterized prior to the full data 
acquisition by measuring the (1 1 1.4) and (1 1̅ 1.4) reflections for a large part of 
the surface to make sure that measurements were carried out on a single-
terminated muscovite mica surface. [173] The measurements were performed 
under dry conditions by placing the samples in a cell with a constant nitrogen 
flow. For the SXRD experiments, a layer of DB15C5 was prepared by submerging a 
freshly cleaved piece of muscovite mica into a solution of saturated DB15C5 in 
ethanol for 2 h, which was then removed and dried as discussed previously. The 
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DB18C6 layer was prepared by submerging a freshly cleaved piece of muscovite 
mica in a saturated DB18C6 in ethanol solution for 2 h, which was removed from 
the solution in 20 s and then washed by submersion in ethanol for 10 s. The 
sample was then removed and dried as discussed previously. The DB24C8 layer 
was prepared by submerging a freshly cleaved piece of muscovite mica into a 
9.1 × 10−5 M solution for 2 h, which was then removed and dried as discussed 
above. 
A model was developed to fit the data and includes the bulk and a surface 
unit cell of muscovite mica  and a specified number of crown ether molecules. The 
fit parameters are the occupancy, location and orientation of the molecules and 
the atomic Debye–Waller parameters. All CTRs (eight different ones were 
measured) are sensitive to the presence of crown ether molecules in the model. 
4.3 Results and Discussion 
4.3.1 Molecular Layer Formation 
Layers of the three crown ethers (DB15C5, DB18C6, and DB24C8) were prepared 
on a muscovite mica surface by the submersion method (Experimental Section). 
After subsequent washing in water, the samples were analysed using AFM (Figure 
3). Of these three crown ethers, DB18C6 is expected to bind the strongest to the 
muscovite mica  because a geometry with the potassium ion in the centre of the 
crown ether ring is energetically most favourable.[198] The potassium ion fits into 
its crown ether ring of DB18C6, whereas the ring of DB15C5 is too small and the 
ring of DB24C8 is too large.[193] From calculations, it is also known that DB18C6 
bonds more strongly to potassium ions in methanol  than  do DB15C5 and 
DB24C8.[192] Potassium ions are present on the surface of untreated muscovite 
mica; therefore, it is expected that DB18C6 binds better than the other crown 
ethers. However, the results may be different from this expectation because the 
experiments are not performed in methanol but in ethanol. 
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Figure 3 AFM height (left) and phase (right) images of (A) DB15C5, (B) DB18C6 and (C) 
DB24C8 layers on muscovite mica (001).  
 
 
A 
B 
C 
C 
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Figure 3 (continued) (D) Height profile of the cross-section from Panel B (previous page), 
showing that both the hole (indicated by the arrow) and the patches are 0.4 ± 0.15 nm high. 
 
AFM height and phase images of the three crown ether molecular layers 
on a muscovite surface are depicted in Figure 3A–C. Multiple patches of a second 
layer are visible in the height image of Figure 3B. The absence of a phase 
difference between the patches and the layer underneath indicates that they 
consist of material with the same physical properties. In the same height image, a 
small, dark spot is visible above the patches, which is a hole in the first layer. The 
height of the islands is 0.4 ± 0.15 nm, and the hole is also 0.4 ± 0.15 nm deep. This 
height indicates that the crown ether molecules are lying relatively flat on the 
surface (a perfectly flat layer would be 0.3 nm high). It is expected that the apolar 
benzene rings will bend away slightly from the polar surface, which will lead to a 
slightly larger layer thickness than when the molecules would lie perfectly flat. 
The multilayers of DB18C6 were investigated with the help of MALDI-TOF mass 
spectrometry in order to prove that the material on the muscovite mica indeed 
consisted of these molecules (Figure 4). The peaks at 383 and 399 atomic mass 
units (amu) originate from the DB18C6 molecule, complexed with a sodium or 
potassium ion, respectively. The sodium ions might originate from several 
sources, e.g., air contaminants or impurities in the muscovite mica or from the 
matrix solution that was used in MALDI-TOF. The observed peaks, however, prove 
that molecules of DB18C6 are indeed present on the surface. The MALDI-TOF 
spectra of the layers of DB15C5 and DB24C8 on muscovite mica can be found in 
Supplementary Information SI-1 and SI-2 and confirm the presence of these 
molecules as well. 
D 
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Figure 4 MALDI-TOF mass spectrum of the DB18C6 layer on muscovite mica, with the peak at 
383 amu corresponding to the [DB18C6–Na]+ complex and that at 399 amu corresponding to 
the [DB18C6–K]+ complex. 
 
Considering the observed full coverage of the surface, all three crown 
ethers seem to attach well to the muscovite mica. This can be explained by 
looking at their binding constant to potassium ions. The binding constants of 
potassium ions in a solution with the three crown ethers are of the same order of 
magnitude  (log K values larger than 3, where K is the equilibrium binding constant 
to the metal ion).[193] Therefore, it is likely that the crown ethers behave 
similarly. 
It is expected that crown ether molecules interacts more strongly with 
available ions in the supernatant solution, since a geometry in which the 
potassium ion is at the centre of the crown ether ring is energetically most 
favourable,[198] which is not possible at the muscovite mica surface. The 
potassium ions are located on the muscovite surface and, on the basis of our 
observations, the crown ethers are still able to bind to the potassium ions. 
Therefore the potassium ions stabilize the first molecular layer. The second 
molecular layer is expected to be less stable. 
4.3.2 Stability and Mobility of the Crown Ether Layers 
The vapour deposition technique (see Experimental) also produces molecular 
layers, but the submersion method was the fastest method for obtaining 
molecular layers. However, the vapour deposition technique was superior in 
obtaining a partial first layer (Figure 5). 
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Figure 5 AFM height (top) and phase (bottom) images of the result of DB18C6 vapour 
deposition on muscovite mica after (A) 1 h of exposure (holes are 0.2±0.1 nm deep) and (B) 17 h 
of exposure to the vapour. 
 
Figure 5 depicts AFM height and phase images of an incomplete layer of 
DB18C6 after 1 h and a complete molecular layer after 17 h of exposure to the 
DB18C6 vapour. This means that the surface of muscovite mica becomes 
saturated after a couple of hours. The phase image of the incomplete molecular 
layer in Figure 5A clearly shows a large phase difference between the holes and 
the material on top. Therefore, the lower lying material is expected to be the 
muscovite mica whereas the material on top is DB18C6, whose presence was 
confirmed by MALDI-TOF (supplements SI-3 and SI-4). 
A second molecular layer of DB18C6 can be obtained via the submersion 
method by excluding the washing step with water. Although the first layer of 
DB18C6 seems quite immobile, because it changes its appearance only slightly 
during subsequent AFM scans (Figure 6 A–C), the second layer shows high 
mobility (Figure 6 D–F). Its higher mobility can be explained by a relatively weak 
interaction with the first molecular layer of DB18C6, and the first molecular layer 
attaches more strongly to the potassium ions of the muscovite mica substrate. 
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Figure 6 (A–C) Subsequent AFM phase images of an incomplete layer of DB18C6 on muscovite 
mica, obtained by vapour deposition, showing some change in the surface morphology over 
time, which indicates a slight mobility of the first layer. (D–F) Subsequent AFM phase images of 
an incomplete second layer of DB18C6 on muscovite mica, produced with the submersion 
technique. The images show a rapidly changing surface morphology, indicating a highly mobile 
second layer. The time interval between the images is 9 min. 
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A similar high mobility of the second layer was observed for DB15C5 and 
DB24C8 on muscovite mica (Supplementary Information SI-5 and SI-6). 
Leaving a DB18C6 layer exposed to water for 20 h did not remove the 
crown ether material from the surface; a complete layer remained. To investigate 
if the crown ether layer can be removed with a solution containing potassium 
ions, a layer of DB18C6 on muscovite mica was exposed to a solution of 10-2M 
potassium chloride in water for 10 s and then washed twice in pure water to 
prevent the crystallization of the potassium chloride on the surface. As can be 
seen in Figure 7, less material is present on the substrate after exposure to the 
potassium chloride solution. MALDI-TOF showed that crown ether material was 
still present on the muscovite mica surface (Supplementary Information SI-7). 
From this observation it follows that the formation of the DB18C6 crown ether 
layer is reversible and that a 10 s washing step in a solution containing potassium 
ions can wash away a significant amount of DB18C6. However, it is not possible to 
say if the first or the second layer has been partially removed. The preferred 
location of the potassium ions in the centre of the crown ether ring cannot be 
achieved on the muscovite mica surface, and the number of free ions exceeds 
that of available potassium ions on the muscovite mica, which can explain the 
decrease in surface coverage.  
 
 
Figure 7 AFM height images of (A) a DB18C6 layer and (B) the same layer after exposure to a 
10-2 M KCl solution and washing with water. (C) Cross-section from Panel B, in which the 
height of the partial layer is 0.2±0.1 nm. 
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4.3.3 In Situ Measurements 
The formation process of the crown ether layer of DB18C6 on muscovite mica has 
been investigated using in situ AFM (Figure 8).  
 
 
Figure 8 Consecutive in situ AFM height images of (A) ethanol on mica. (B and C) Subsequent 
measurements of 2×10-5 M DB18C6 in ethanol solution. The time interval between images is 9 
min. 
 
Figure 8A shows a reference measurement of muscovite mica in ethanol. 
Figure 8B,C shows in situ AFM images with the DB18C6 solution added to the 
ethanol (DB18C6 concentration of 2 × 10−5 M). The difference in time between 
each image is approximately 9 min. The standard deviation of the z values (Rq) 
increased from 0.12 to 0.18 nm after DB18C6 was added. However, no significant 
other change was observed in the AFM images, which might be the result of a fast 
adsorption of DB18C6. Alternatively, it is possible that the crown ether layer is 
very mobile when it is in contact with a solvent. A third possibility is that there is 
no DB18C6 layer at all. It is not possible to make a distinction among these three 
possibilities on the basis of in situ AFM data. In situ studies in previous research 
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on layer formation of a phthalocyanine with eight triether tails on muscovite mica 
showed similar results.[66] 
The preparation of the film, however, provides additional clues. When a 
multilayer is prepared, the muscovite mica is submerged in  a crown ether 
solution and then immediately rinsed with water, with the surface still wet. If no 
layer was formed in the solution, then the water rinse should remove all of the 
crown ether through dilution. This is not the case; therefore, we conclude that a 
stable layer has formed in situ. 
4.3.4 Sodium Terminated Muscovite Mica 
The potassium ions on the muscovite mica were exchanged for sodium ions to 
examine their effect on the formation of layers of dibenzo crown ethers (Figure 
9). On the basis of work by Xu and Salmaron [178] and Osman  et al. [147], it is 
expected that the ion-exchange procedure exchanges all of the surface potassium 
ions with sodium. AFM measurements revealed similar results as in the case of 
potassium-terminated muscovite mica. All three crown ethers formed stable 
layers, and also the second layers showed mobility. However, the amount of 
material deposited on the surface seemed consistently larger. Figure9B shows a 
nearly complete bilayer of DB15C5, as judged from the height of the layer, 
whereas for the potassium-terminated muscovite mica, holes with a depth of 2 
molecular layers were never observed.  
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Figure 9 AFM height images of a layer of (A) DB24C8 and (B) a bilayer of DB15C5 on sodium-
exchanged muscovite mica. (C) Cross-section from Panel A, showing two holes with a depth of 
0.4 ± 0.1 nm. (D) Cross-section from Panel B, showing two holes with a depth of 0.8 ± 0.2 nm. 
Both AFM measurements depicted in Figure 9 were performed on a 
sample that was submerged in a solution of the specified crown ether in ethanol 
((1.0 ± 0.3) × 10−4 M) and subsequently washed with water. In Figure 9A, a 
complete layer of DB24C8 has formed with a height of 0.4 ± 0.2 nm, and Figure 9B 
depicts a double layer of DB15C5 of 0.8 ± 0.1 nm in height.  
The calculated stability constants of all three crown ethers with the 
potassium ion complex in methanol are of the same order of magnitude, which 
explains the similarity among the three different crown ether molecular layers. 
The stability constants of the crown ether with potassium ion are also of the same 
order of magnitude as for the crown ether with the sodium ion complex.[192] This 
can explain the similarity between the crown ether layers on K-terminated 
muscovite mica and Na-terminated muscovite mica. 
4.3.5 Surface X-ray Diffraction 
The goal of using SXRD was to investigate possible in-plane order in the crown 
ether layers and to establish where the crown ether molecule is in relation to the 
unit cell of muscovite mica. SXRD data were acquired on samples of potassium-
terminated muscovite mica with a dry layer of DB15C5, DB18C6 and DB24C8, 
which were imaged using AFM prior to the SXRD measurement. The 
measurements of the DB18C6 and DB24C8 layers are discussed  in the 
Supplementary Information (Figures SI-8 and SI-9) because of the similarity 
between the three molecules. Figure 10 depicts the specular data obtained from 
muscovite mica and the three crown ethers. Clear differences among the 
reference and the data with crown ethers on muscovite mica and between 
individual crown ethers on muscovite mica can be observed. Both this and the 
AFM data indicate that there are layers of crown ether present on the muscovite 
mica surface. 
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Figure 10 SXRD specular data of muscovite mica (magenta plusses), DB15C5 (red squares), 
DB18C6 (green triangles), and DB24C8 molecular layers on muscovite mica (blue circles). 
 
The necessary number of crown ether molecules was determined by the quality of 
the resulting fit. For all three crown ethers, the data could be fit better with two 
molecules than with one molecule. In the case of DB15C5 three molecules in the 
model yielded worse fit than when two molecules were used (or the occupancy of 
the third molecule refines back to zero). Furthermore, fits with models that 
included only one molecule yielded unrealistic results, for example, an occupancy 
value of the molecule that was larger than one. The occupancy of the topmost 
potassium layer of the muscovite mica was fixed at 0.5. 
In the case of DB15C5, the obtained data on most CTRs can be fitted with 
just muscovite mica in the model. However, the specular rod, which gives the out-
of-plane information, cannot be fitted with this model. This means that the 
surface contains a flat film, which is in agreement with the AFM measurements 
(Figure 11). Changes in all CTRs are observed when a molecule is added to the 
model. This means that the in-plane position of the molecule(s) is determined by 
the data. That is, the molecules have to be in the depicted position (Figure 13) for 
the fit to follow the data and cannot deviate in their in-plane or out-of-plane 
position without changing the quality of the fit. 
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Figure 11 AFM height (left) and phase (right) image of a dry layer of DB15C5, the height of the 
layer is 0.8 ± 0.2 nm. 
 
Some CTRs are depicted in figure 12 (the others can be found in 
Supplementary Information Figure SI-10), and the fit has 𝜒2 = 3.3. 
 
Figure 12 SXRD data rods (dots) and fit (curves) of the DB15C5 layers on muscovite mica. The 
y-axis depicts the structure factor amplitude and the x-axis depicts the l-value. The labels above 
each graph indicate the h and k-values for the specific crystal truncation rod. 
 
A unit cell of the resulting fit is depicted in figure 13, together with the z-
projected charge density and a top view. 
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Figure 13 (A) Unit cell of the model which was used to fit the DB15C5 dry layers on muscovite 
mica. (B) Z-density plot in the (00) direction. (C) Top view of 3 x 3 muscovite mica unit cells 
with the DB15C5 molecules on top, the top three molecules at the top of the image are edited 
out for clarity. 
 
The molecule closest to the surface of muscovite mica is tilted by approximately 
30⁰ with respect to the plane of the muscovite mica surface. This molecule lies on 
top of a potassium atom and has an occupancy of 0.70, and the second molecule 
is tilted by approximately 55⁰ and has an occupancy of 0.48 molecule per unit cell. 
The surface area of the DB15C5 molecule was estimated to be 80 Å2 using Spartan 
’08 V1.2.0 software in order to estimate the surface coverage. From this, the 
surface coverage can be calculated for the first layer to be 1.0, and for the second 
molecular layer, it was calculated to be 0.5. Thus, Figure 10 shows 1.5 molecular 
layers. The surface area occupied by one DB24C8 molecule in its crystal structure 
((CSD entry DOHBOC01) area of 116 Å2) compares well with the estimation made 
using Spartan (121 Å2), showing that the estimations are valid. 
The resulting fit also provide heights for the two layers: for the first layer, it is 0.4 
nm and for the second layer, it has a height of 0.6 nm. The Debye–Waller 
parameters for the layers are 46 for the first and 43 for the second, which means 
that the position of the molecules in both layers may vary by 0.5 Å. The height for 
the second DB15C5 layer and its coverage are close to what is observed in Figure 
11 using AFM, which validates the results from the SXRD model.  
SXRD measurements reveal that for DB18C6 and DB24C8 the first molecule also 
lies relatively flat, whereas the second lies more upright (Supplementary 
Information SI-8 and SI-9).  
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4.4 Conclusion 
Layers of DB15C5, DB18C6 and DB24C8 crown ethers were produced on 
muscovite mica by two different techniques: crown ether vapour deposition on 
muscovite mica and the submersion of muscovite mica in a solution of crown 
ether. The submersion method was the fastest in producing the layers. AFM 
images show that the first crown ether layer is relatively stable when compared to 
the mobile second layer, as a result of a stronger interaction of the first layer with 
the substrate.  
Molecular layers similar to those on a potassium-terminated substrate 
were formed on a sodium-terminated muscovite mica substrate. All dibenzo 
crown ethers had a stable first layer and a mobile second layer on potassium- and 
sodium-terminated muscovite mica. SXRD measurements revealed that for all 
three investigated crown ethers the first molecule lies flat and the second lies 
more upright. We found excellent agreement between AFM and SXRD data, which 
makes it a powerful combination for determining the orientation of molecular 
layers. 
A novel interaction between molecules and a substrate has been used to 
produce molecular layers. Owing to the nature of the binding, however, these 
layers are not stable in ionic (and especially K+-containing) solutions. The 
described method provides a route to forming flat, self-assembled monolayers 
with different surface properties because it can be implemented with a wide 
variety of crown ethers. 
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“It is too bad! Always the old story! When a man has finished building his house, 
he finds that he has learnt unawares something which he ought absolutely to have 
known before he – began to build. The eternal, fatal “Too late!” The melancholia 
of everything completed! – ” 
          
Beyond Good and Evil 
     Friedrich Nietzsche 
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Chapter 5 
Organothiol (mono)layer formation directly on 
muscovite mica 
Summary 
Molecular organothiol monolayers and multilayers were constructed directly onto 
potassium- and copper-terminated muscovite mica surfaces. The surfaces were 
studied with atomic force microscopy and surface X-ray diffraction. The 
organothiol layers remained on the surface for a period of at least 6 days at 
ambient conditions and organothiols on copper-terminated muscovite mica were 
also stable in water. The organothiol layers did not show an epitaxial relationship 
with the muscovite substrate and were mobile. These results show that the layer 
of gold, which is usually evaporated onto the muscovite mica to stabilize the 
organothiols, is not necessary. Several of the obtained organothiol layers are 
atomically flat over large areas (10x10 mm2) and can potentially be used in 
applications that already exist for these types of surfaces. 
5.1 Introduction 
Organothiol molecular self-assembled monolayers (SAM) on solid gold substrates 
have become of major scientific importance since their discovery by Nuzzo and 
Allara in 1983 [58]. A wide range of applications exists for these layers, e.g. as 
biosensors [199], to anchor proteins [200],  to make nanometre thin sheets [201, 
202] , to produce thin metal-organic frameworks [203], and to produce 
nanopatterned arrays [204]. A thin gold layer is used for the majority of these 
applications.  To obtain such a surface, gold is usually evaporated onto muscovite 
mica, which is a mineral well known for its atomic flatness over large areas [173]. 
However, atomically flat gold surfaces cannot be obtained, because atomic steps 
are unavoidable. Furthermore, the gold may still contain different domains, 
dislocations and impurities, which all contribute to a lower quality of the 
substrate, and thus also of the SAM. Gold can also be etched by the organothiol 
[205, 206], introducing even more inhomogeneities to the surface.  
To circumvent these problems we have grown organothiol layers directly 
onto muscovite mica. These layers can be used for many applications, except 
when a conductive surface is required. In this chapter we demonstrate that SAMs 
of different organothiols (Figure 1A) can be grown on the muscovite mica surface 
(Figure 1B). The ability to exchange the surface ions of muscovite mica was 
exploited to make a copper-terminated muscovite mica surface. Both potassium-
terminated and copper-terminated muscovite mica were used, to induce a dipole-
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dipole interaction, or a bond approaching covalent interaction strength with the 
organothiol, respectively. The surfaces were characterized with atomic force 
microscopy (AFM), and surface X-ray diffraction (SXRD).  
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Figure 1 A: Chemical structures of the used organothiol molecules, B: top view, schematic 
structure of a muscovite mica (001) surface. On the vertices of the tetrahedra are oxygen atoms, 
at their centre is a silicon (75%) or aluminium (25%) atom and at the centre of the hexagons 
are potassium ions. A cleaved muscovite mica surface contains half of the amount of potassium 
ions shown, at random positions in order to preserve charge neutrality. C: Ball and stick model 
of the structure of muscovite mica. 
5.2 Experimental 
5.2.1 Materials 
Muscovite mica (quality grade ASTM-V1, a = 0.51906 nm, b = 0.9008 nm, c = 
2.0047 nm, α = γ = 90°, β = 95.757°, space group C 2/c, chemical formula 
KAl2(Si3Al)O10(OH)2) was obtained from S&J Trading Inc. (Glen Oaks, NY, USA). 1-
Octanethiol (98.5% purity), 1,8-octanedithiol (97% purity), 1-dodecanethiol (98% 
purity), 1-hexadecanethiol (96% purity), 11-mercaptoundecanoic acid (95% 
purity), L-cysteine (97% purity), 11-mercapto-1-undecanol (97% purity), 9-
mercapto-1-nonanol (96% purity), 6-mercaptohexanoic acid (90% purity), 1,1’-
B 
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biphenyl-4-thiol (97% purity), 6-mercapto-1-hexanol (97% purity), and 16-
mercaptohexadecanoic acid (92% purity) were obtained from Sigma Aldrich. All 
materials were used without further purification. 
 
5.2.2 Surface preparation 
Freshly cleaved muscovite mica was submerged into approximately 15 mL of a 
solution of 10-2M organothiolthiol in dichloromethane ≥99.8% pure 
(CHROMASOLV for HPLC ≥99.8% pure, obtained from Sigma Aldrich). This led to 
saturated solutions in the cases of L-cysteine, and 16-mercaptohexadecanoic acid. 
The muscovite mica was left in the solution for at least one hour, then removed 
from the solution and washed three times for at least 30 seconds in fresh solvent 
of approximately 15 mL of dichloromethane to remove the excess thiol. The 
sample was then dried using a gentle nitrogen gas flow for 2 minutes in a vertical 
position and at least one hour in a horizontal position. All experiments were 
performed in triplicate. The samples were characterized using AFM on the same 
day that they were made, and within two weeks using SXRD. The same procedure 
was followed for Cu-terminated muscovite mica. The ion-exchange procedure to 
obtain Cu-terminated muscovite mica is described elsewhere [207] and in SI-1. 
Potassium-terminated muscovite mica surfaces were obtained after cleavage of 
the crystal along the (001) plane. Potassium-terminated muscovite mica 
comprises of one K+ ion per surface unit cell (coverage of ½), while that of Cu2+-
terminated muscovite mica has only half a copper ion per surface unit cell 
(coverage of ¼), in order to preserve charge neutrality. 
 
5.2.3 Surface characterization 
AFM measurements were carried out on a Dimension 3100 AFM and a NanoScope 
Multimode 8 AFM with HA-NC tips for tapping mode and CSG10 tips for contact 
mode from NT-MDT. An XPS investigation of Cu-terminated muscovite mica, 
details and machine specifications are described elsewhere [207] and in SI-1.  
SXRD was performed at beamline ID03 of the ESRF using a vertical z-axis 
diffractometer equipped with a 2D detector, in the stationary geometry [163]. The 
momentum transfer in the X-ray diffraction experiments is denoted by 
?⃗⃗? = ℎ ∙ ?⃗?∗ + 𝑘 ∙ ?⃗?∗ + 𝑙 ∙ 𝑐∗, with ?⃗?∗, ?⃗?∗, and 𝑐∗ the reciprocal lattice vectors and 
(ℎ𝑘𝑙) the diffraction indices. The diffraction rods are oriented along the 𝑙 –
direction, which is perpendicular to the (001) muscovite mica cleavage surface. 
The experiment was performed using a 16 keV X-ray beam having a 1 mm 
horizontal width and 50 μm vertical width, with an incoming angle of 0.6 for 
nonspecular data; this led to a footprint of 1 by 5 mm2. Structure factors from 
several crystal truncation rods (CTRs) were derived from the detector images 
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using MATLAB code written for this purpose. Fitting of the SXRD data was carried 
out using the ROD program [165]. 
The surface termination was characterized prior to the full data 
acquisition by measuring the (1 1 1.3) and (1 1̅ 1.3) reflections for a large part of 
the surface to make sure that measurements were carried out on a single-
terminated muscovite mica surface [173]. The measurements were performed 
under dry conditions by placing the samples in a cell with a constant nitrogen 
flow.  
A model was developed to fit the data and includes the bulk and a surface 
unit cell of muscovite mica  and a specified number of thiol molecules. The fit 
parameters are the occupancy, location and orientation of the molecules and the 
atomic Debye–Waller parameters. In principle, all CTRs are sensitive to the 
presence of organothiol molecules in the model, the CTRs with low momentum 
transfer disclose the out-of-plane electron density, and the remaining CTRs can 
reveal in-plane information. 
5.3 Results and Discussion 
5.3.1 AFM measurements 
Figure 2 and SI-2 show AFM tapping mode images of surfaces containing three of 
the thiols that were deposited on potassium-terminated muscovite mica as 
described in the experimental section. Closed molecular layers of the deposited 
organothiol have formed, as can be derived from the height differences of 
imperfections in the layers. This was observed for all the investigated thiols; the 
measured layer thicknesses are given in Table 1. Only 1,8-octanedithiol deviates 
from this trend, as it forms islands with a height of 2.3 ± 0.7 nm, which 
corresponds with the length of at least two molecules (Figure 2B).  
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Figure 2 Atomic force microscopy height images of different organothiol layers on potassium-
terminated muscovite mica, 1-dodecanethiol (A), 1,8-octanedithiol (B), and 6-mercaptohexanoic 
acid (C). 
When the SAM forms a completely closed layer, its thickness cannot 
directly be assessed. Therefore, contact mode AFM was employed to scrape the 
formed layer of 1-hexadecanethiol molecules away over an area of 2.5 by 2.5 µm, 
after which a larger area of 10 by 10 µm was scanned continuously, while exerting 
a lower pressure to avoid nanoshaving of the molecules (Figure 3). A square 
depression is visible in the layer in Figure 3A, the depth of which corresponds to a 
single molecular layer thickness (0.7 nm). The nanoshaved area is filled up again 
after two hours of scanning, which points to (limited) molecular mobility of the 
layer in contact with the muscovite mica surface. The tip may also have 
contributed to restoring the closed layer.  
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Figure 3 AFM height images of 1-hexadecanethiol on potassium-terminated muscovite mica, 
first measurement (A), the same area after 63 minutes (B) and 126 minutes (C) of scanning. 
 
Nano-shaving was also applied on surfaces containing the other 
organothiols on potassium-terminated muscovite mica, but in most cases the 
nano-shaved area was not visible like the one shown in Figure 3A. However, we 
showed that a layer is present, based on the SXRD measurements (see next 
section). Apparently, the gap in the layer was rapidly filled with molecules again. 
For some compounds, incomplete layers were also observed (Figure 4), which 
allows for the investigation of the stability of these layers. Figure 4 clearly 
demonstrates that the incomplete layers of 9-mercapto-1-nonanol and 1,8-
octanethiol are mobile, as the morphology changes within minutes. It is difficult to 
say from these measurements whether there is a closed organothiol layer present 
underneath the incomplete layer. Based on the SXRD measurements there is a 
complete monolayer underneath the observed layer of 9-mercapto-1-nonanol, 
but not in the case of 1,8-octanedithiol. 
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Figure 4 Consecutive AFM height images of 9-mercapto-1-nonanol (A-C), and 1,8-octanedithiol 
(D-F) on potassium-terminated muscovite mica. The elapsed time between two images is 9 
minutes. 
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In an additional series of experiments, XPS measurements showed that 
potassium was successfully exchanged for copper (SI-1). The organothiol layer 
behavior on Cu-terminated muscovite mica was also investigated. Figure 5A 
shows an AFM height image of clean copper-terminated muscovite mica, and 
Figures 5B-C (and SI-3) show different organothiol layers on copper-terminated 
muscovite mica. The height of the organothiol layers could be derived from the 
imperfections in the layers, which point to monolayers being present (Table 1).  
 
 
Figure 5 AFM height images of Cu-terminated muscovite mica (A), with 4-biphenylthiol (B), 
and 1-hexadecanethiol (C). 
 
Nanoshaving was also performed on the organothiol layers on copper-
terminated muscovite mica. In contrast to the K-terminated substrates, here the 
shaved areas remained visible for a period comparable to that shown in Figure 4 
(i.e. 10-15 min.) for all the investigated organothiols (Figure 6). This points to a 
stronger organothiol-muscovite mica interaction, which must be the result of the 
presence of copper. The heights deduced from the AFM measurements of the 
A B 
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organothiol layers on both potassium-terminated and copper-terminated 
muscovite mica are summarized in Table 1.  
 
 
Figure 6 AFM height images of Cu-terminated muscovite mica with 6-mercaptohexanoic acid, 
(A) measured directly after scraping, (B) same surface area after 3 more scans, 10 minutes 
later, the depression is still clearly visible. The high scanning speed is responsible for the 
emergence of stripes and the elongation of some small features. 
 
 
Table 1 Heights of the different organothiol layers measured using AFM 
Molecule Termination Height 1
st
 
layer 
(nm) 
Height 2
nd
 
layer 
(nm) 
Minimum number of 
molecules required to 
explain the height 
16-mercapto-
hexadecanoic acid 
K 1.1 ± 0.5 2.9 ± 0.5 1, 2 
16-mercapto-
hexadecanoic acid 
Cu 1.0 ± 0.5 2.6 ± 0.5 1, 2 
L-cysteine K 0.6 ± 0.3  1 
L-cysteine Cu 0.5 ± 0.3  1 
11-mercapto-
undecanol 
K 0.6 ± 0.2  1 
11-mercapto-
undecanol 
Cu 1.7 ± 0.5  1 
9-mercapto-
nonanol 
K 0.7 ± 0.2  1 
9-mercapto-
nonanol 
Cu 1.3 ± 0.5  1 
6-mercapto-
hexanol 
K 0.6 ± 0.2  1 
6-mercapto-
hexanol 
Cu 2.4 ± 0.5  2 
6-mercapto-
hexanoic acid 
K 0.4 ± 0.2  1 
6-mercapto- Cu 1.9 ± 0.5  2 
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hexanoic acid 
1-octanethiol K 0.5 ± 0.2  1 
1-octanethiol Cu 0.5 ± 0.2  1 
1,8-octanedithiol K 2.3 ± 0.7  2 
1,8-octanedithiol Cu 1.7 ± 0.8  2 
1-dodecanethiol K 1.5 ± 0.2  1 
1-dodecanethiol Cu 1.2  ± 0.2  1 
1-hexadecanethiol K 0.7 ± 0.4  1 
1-hexadecanethiol Cu 0.9 ± 0.3 5.5 ± 2.5 1, 3 
11-mercapto-
undecanoic acid 
K 0.5 ± 0.2  1 
11-mercapto-
undecanoic acid 
Cu 1.8 ± 0.6  1 
4-biphenylthiol K 0.5 ± 0.2  1 
4-biphenylthiol Cu 0.3 ± 0.2  1 
 
 Organothiols that are solid at room temperature did form stable 
multilayered structures on both potassium-terminated and copper-terminated 
muscovite mica surfaces, as shown in Figure 7. The height of these extra layers are 
also shown in Table 1, and correspond to the combined height of at least 3 
molecules in the second layer of 1-hexadecanethiol on copper-terminated 
muscovite mica (Figure 7A), and the combined height of at least 2 molecules in 
the second layer of 16-mercaptohexadecanoic acid on potassium-terminated 
muscovite mica (Figure 7B). The flat terraces of the higher layers indicate that 
there is order in the crystallographic c-direction of the muscovite mica. 
Monolayers may potentially be obtained if a suitable procedure is followed, by 
tuning the solvent and organothiol concentration. 
 
 
Figure 7 AFM height images of 1-hexadecanethiol on copper-terminated muscovite mica (A), 
and 16-mercaptohexadecanoic acid on potassium-terminated muscovite mica (B). 
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The stability of the organothiol layers was also investigated. The surface 
preparation procedure already reveals a hint about the stability of the organothiol 
layers: material is still present after washing the muscovite mica crystal three 
times in approximately 15 mL of dichloromethane solvent. Storage of the 
organothiol layers at ambient conditions for 6 days left the surface morphology 
mostly unchanged, as is depicted in Figure 8 and SI-4. This was found to be the 
case for organothiol layers on muscovite mica terminated by both types of surface 
ions. 
 
 
 
Figure 8 Layers of 1,8-octanedithiol on Cu-terminated muscovite mica (A), and 4-biphenylthiol 
on K-terminated muscovite mica (C) on the day of fabrication, and 6 days later (B,D). 
  
Organothiol layers on copper-terminated muscovite mica were immersed 
into approximately 15 mL of water for 90 hours, and then measured with AFM 
(Figure 9). The molecular layer of material is still present on the surface, as follows 
from the imperfections of the layer, which points to  stable organothiol layers. 
C D 
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Figure 9 16-Mercaptohexadecanoic acid (A), and L-cysteine (B) layer on Cu-terminated 
muscovite mica, after being immersed in water for 90 hours. 
5.3.2 Surface X-ray diffraction 
Several of the organothiol layers, i.e. 6-mercaptohexanoic acid, 9-mercapto-1-
nonanol, 4-biphenylthiol, 1-dodecanethiol, 11-mercaptoundecanoic acid, L-
cysteine, and 1,8-octanedithiol, both on potassium-terminated and copper-
terminated muscovite mica were also investigated with the help of SXRD. The 
specular, (11̅𝑙), (11𝑙), (13?̅?), (13𝑙), and (20𝑙) crystal truncation rods were 
measured for all these samples. All the crystal truncation rods, except the 
specular data, were essentially the same as for the untreated surfaces. This shows 
that the muscovite mica substrate remains intact with 0.5 monolayer of K+ and 
0.25 monolayer Cu2+ for the K-terminated and Cu-terminated surfaces 
respectively. We can also conclude that the organothiols are not epitaxially 
ordered on the muscovite mica. No significant improvement to the fit was 
achieved after including a single sulphur atom near the metal, simulating a metal-
ligand coordination. The absence of diffraction peaks in in-plane scans further 
demonstrate that the organothiol layer is not ordered with respect to the 
muscovite mica lattice. Therefore, the molecular layers can be compared to those 
created in a Langmuir trough, as there is no apparent influence of the crystalline 
substrate on the lateral organization of the molecules . However, in this case the 
molecules have a solid support with which they interact, leading to a very flat 
layer, and the intermolecular interactions further stabilize the monolayer.   
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Table 2 Layer thickness, and number of molecules per unit cell for the different organothiol 
layers measured using SXRD. An asterisk indicates good agreement with AFM data. 
Organothiol Molecule Termination Number of molecules 
per unit cell 
Layer thickness 
(nm) 
6-mercaptohexanoic 
acid* 
K 2.9 1.0 
6-mercaptohexanoic acid Cu 2.9 1.0 
9-mercapto-1-nonanol K 2.1 1.2 
9-mercapto-1-nonanol* Cu 2.3 1.3 
4-biphenylthiol K 2.5 1.0 
4-biphenylthiol* Cu 1.0 0.3 
1-dodecanethiol K 2.7 0.8 
1-dodecanethiol Cu 1.3 0.6 
11-mercaptoundecanoic 
acid* 
K 2.0 0.7 
11-mercaptoundecanoic 
acid 
Cu 2.2 0.7 
L-cysteine* K 3.7 0.9 
L-cysteine* Cu 1.0 0.3 
1,8-octanedithiol K 2.4 1.2 
1,8-octanedithiol* Cu 2.3 1.0 
 
The specular data is different from the bare muscovite mica surfaces, and 
reveal the thickness of the organothiol layer and the number of molecules present 
per surface unit cell of muscovite mica (summarized in Table 2 and SI-3). In half of 
the cases (indicated with an asterisk) the height measured using SXRD agrees with 
the AFM measurement (within the error), and in the other half of the cases the 
height difference between the two methods deviates by at most 0.6 nanometre. 
This discrepancy can be explained by the fact that SXRD measures the average 
height of a large area (5 mm2), while AFM operates more locally, scanning 100 
μm2. Furthermore, SXRD is sensitive to all the material present on the surface of 
muscovite mica, while AFM can only observe the top layer and imperfections 
within it. 
To illustrate the points made above, the data and fit for 6-
mercaptohexanoic acid on K-terminated muscovite mica is discussed now (shown 
in Figure 10). The blue line depicts a fit with only K-terminated muscovite mica, 
which is sufficient to explain all crystal truncation rods measured, except for the 
specular. This shows that the molecules do not have an epitaxial relationship with 
muscovite mica. To correctly explain the specular data a model is required that 
includes a layer of 6-mercaptohexanoic acid, which is shown in red. The layer on 
top of the muscovite mica surface was investigated in two ways: with two 
molecules of 6-mercaptohexanoic acid (red line Figure 11), or with a generic 
electron density profile (black line Figure 11). The z-projected charge density 
derived from these fits is shown in Figure 11. The electron density profile is similar 
83 
 
in both cases, and the layer thickness is consistent (1 nm). The same fit for the 
specular data is obtained in both cases, without significant differences. From the 
combination of AFM and SXRD measurements, we can derive that there is a 
closed molecular layer consisting of 2.6 6-mercaptohexanoic acid molecules per 
unit cell of muscovite mica, ordered in two layers, where the bottom layer has a 
higher density than the top layer. 
 
 
Figure 10 SXRD data (black dots) for 6-mercaptohexanoic acid on K-terminated muscovite 
mica. Blue line: fit based on bare K-terminated muscovite mica, red line: fit based on K-
terminated muscovite mica with a layer of 6-mercaptohexanoic acid. The crystallographic l-
direction is depicted on the horizontal axis, and the structure factor amplitude is depicted on 
the vertical axis. The labels above each graph indicate the h and k-values for the specific crystal 
truncation rod. 
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Figure 11 Z-projected charge density of the SXRD dataset of K-terminated muscovite mica with 
a layer of 6-mercaptohexanoic acid. Black line: z-projected charge density from generic model, 
red line: z-projected charge density derived from model with molecules. The green and purple 
bars indicate the position of the first and second molecular layer, respectively. 
5.4 Discussion 
Organothiol molecules on a noble metal substrate have an epitaxial relationship 
and a well-defined sulphur-metal bond [208]. In contrast, organothiol molecules 
on the muscovite mica substrate show no epitaxial relationship, nor a well-
defined orientation of the molecules with respect to the surface. The interaction 
of the organothiol with the muscovite mica K+ and Cu2+ surface ions, is most likely 
an electrostatic interaction, in contrast to the sulphur-metal bond on noble metal 
surfaces. The different chemical functional groups of the used organothiols 
(alcohol, carboxylic acid, thiol), may all be involved in the interaction with the 
muscovite mica surface.  Flat organothiol molecular layers were obtained on 
muscovite mica, with dimensions of 10 x 10 mm2. The non-specific nature of the 
organothiol-muscovite mica interaction makes this system comparable with a 
Langmuir Blodgett layer. Such a layer at the liquid-air interface would show 
capillary waves, while the organothiol layer on muscovite mica remains stable and 
flat. This may be beneficial in terms of applications.  
Molecules that are in the solid state at room temperature were found to 
form multi-layered structures. Potentially, these molecules may also form 
monolayers if the right experimental conditions are found e.g. in terms of 
temperature, solvent, and concentration. The mobility of the organothiol layers 
on Cu-terminated muscovite mica was significantly lower than on the K-
terminated surface, indicating that there is a stronger interaction with the former 
surface. Nano-etching of these layers with AFM can give an idea about the layer 
thickness, but only to a certain degree, as it has been shown that the organothiol 
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layers can heal. Therefore, the combination with SXRD is a valuable tool to look at 
the ‘real’ height of organic layers on surfaces.  
5.5 Conclusion 
Closed monolayers and partially closed multilayers of a variety of different 
organothiol molecules have been self-assembled onto a potassium-terminated 
and copper-terminated muscovite mica substrate. These molecular layers were 
found to be stable over a time period of at least six days. Organothiol layers on 
copper-terminated muscovite mica were also stable in water for at least 90 hours. 
Nanoshaved areas of organothiol layers on copper-terminated muscovite mica 
could be observed with AFM, while those areas were mostly invisible on 
potassium-terminated muscovite mica. This points to a faster diffusion of the 
molecules on the potassium-terminated muscovite mica and a stronger bond 
between the organothiols and copper-terminated muscovite mica. SXRD shows 
that the organothiols are not epitaxially ordered  with respect to the muscovite 
mica lattice. Therefore, stabilization of the layers occurs through intermolecular 
forces and an interaction with the surface. 
 This research shows that layers of organothiols can be grown directly onto 
muscovite mica, which shows that the usually applied gold or silver intermediate 
layer is not necessary, if epitaxy is not required. The organothiol layers can 
potentially be used in many of the applications that already exist for organothiol 
layers on gold, such as biosensors, protein immobilization, and in the fabrication 
of carbon nanosheets. 
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“Let us take, for example, this piece of wax: it has been taken quite freshly from 
the hive, and it has not yet lost the sweetness of the honey which it contains; it still 
retains somewhat of the odour of the flowers from which it has been culled; its 
colour, its figure, its size are apparent; it is hard, cold, easily handled, and if you 
strike it with the finger, it will emit a sound. Finally all the things which are 
requisite to cause us distinctly to recognise a body, are met with in it. But notice 
that while I speak and approach the fire what remained of the taste is exhaled, the 
smell evaporates, the colour alters, the figure is destroyed, the size increases, it 
becomes liquid, it heats, scarcely can one handle it, and when on strikes it, no 
sound is emitted. Does the same wax remain after this change? We must confess 
that it remains; none would judge otherwise. What then did I know so distinctly in 
this piece of wax? It could certainly be nothing of all that the senses brought to my 
notice, since all these things which fall under taste, smell, sight, touch, and 
hearing, are found to be changed, and yet the same wax remains. …” 
 
Discourse on Method and Meditations 
René Descartes 
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Chapter 6 
Muscovite mica based substrates for protein 
crystallization I; Surfaces with controllable roughness 
Summary 
In this chapter (epitaxial) (multi) layers of 1,3,5-tris(10-carboxydecyloxy) benzene 
were deposited on muscovite mica with varying amounts of roughness with the 
aim of investigating the influence of surface roughness and surface morphology 
on protein crystallization. Three different methods were investigated to deposit 
the molecule to provide the best route for controlled roughness, of these three 
evaporation worked best. Four model proteins were used for crystallization on the 
surfaces with controlled roughness. Bovine serum albumin showed not to be 
influenced by the surface roughness in terms of nucleation speed, number of 
crystals, and crystal size. Talin crystals were more numerous on the functionalized 
surfaces. Hen egg white lysozyme crystals on the roughest surface were less 
numerous than on smoother surfaces, while insulin crystals were more abundant 
on rougher surfaces. Insulin also nucleates faster on rougher surfaces, and the 
surface roughness also influenced insulin crystal size. 
6.1 Introduction 
Self-assembled monolayers (SAMs) have been shown to be able to direct 2D 
crystallization [188], as well as 3D crystallization [209] in terms of chirality [210, 
211], polymorphism [212, 213], or epitaxial crystal growth [214, 215]. For this 
purpose SAMs need to be stable under the applied crystallization conditions, and 
for this reason monolayers are usually used that are covalently bound to the 
substrate, especially the organothiol-gold combination has often been used [209-
214].  
Factors that are important in the crystal growth of biological 
macromolecules on a substrate are surface chemistry  [23, 119-121, 216-218], 
surface topography  [219], and a match of the lattice parameters of both the 
surface and the macromolecule, which, under certain conditions, can introduce 
epitaxial crystal growth [25, 39]. Several protein crystallization agents have 
received attention such as bioglass and porous materials [4, 45], with the aim of 
providing insight and improving protein crystallization. In this context, Liu et al. 
[219] investigated the influence of surface roughness on the crystallization of hen 
egg white lysozyme (HEWL). However, they varied the chemical functionality of 
the glass surfaces (with or without different polymers) as well.  The surface 
roughness was measured using atomic force microscopy (AFM) and seemed to be 
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poorly defined or controlled, as a larger scanning range gave a completely 
different value for the surface roughness. In this chapter we aim to control the 
surface topography, without changing the molecular constituents on the surface, 
in order to keep the chemical functionality constant, to investigate the effect of 
surface roughness and morphology on the crystallization of various proteins. In 
this way we hope to create a surface with the ideal roughness for protein 
crystallization. 
Muscovite mica (monoclinic, a = 0.51906 nm, b = 0.9008 nm, c = 2.0047 
nm, β = 95.757o, space group C 2/c, chemical formula KAl2(Si3Al)O10(OH)2 (Figure 
1A)) can be used as a suitable substrate to build surfaces with controllable 
roughness, as this crystal is atomically flat after cleaving [173]. A suitable molecule 
is subsequently needed to introduce features on the muscovite mica surface with 
a controlled roughness. Using the same molecule for each experiment may ensure 
that the chemical functionality is controlled, although this might not be the case if 
different layers adopt a different molecular orientation. 
Several examples exist of molecular layers grown on muscovite mica. For 
example, alkylsilanes can be self-assembled on the muscovite mica (001) surface 
and can be covalently attached by a hydrolysis reaction [67-71]. Other compounds 
that have been used to form self-assembled monolayers are octadecylphosphonic 
acid [63], octadecylamine [64] and heptopus [65], all of which contain a 
hydrophilic chemical entity and hydrophobic tails, and the hydrophilic part of 
which is oriented towards the polar muscovite mica surface. Crown-ethers have 
been shown to grow on the muscovite mica surface by binding to the surface ions 
[174]. Parahexaphenyl is the only example, so far, that has been found to grow in 
epitaxial layers along the [110] direction on top of the (001) face of muscovite 
mica [37, 38]. Of these examples only the latter is potentially useful to create 
multi-layered rough structures that are stable under protein crystallization 
conditions. However, we have found a better alternative that is easy to evaporate 
onto the muscovite mica surface, which remains on the surface when placed in 
water, and provides surfaces with variable roughness.  
In this chapter 1,3,5-tris(10-carboxydecyloxy) benzene (TCDB, Figure 1B) 
was used to grow molecular (multi)layers onto the muscovite (001) surface to 
obtain surfaces with variable roughness. TCDB was selected for several reasons; 
the solubility in water is poor, it can be evaporated at low temperatures and 
forms well defined layers on the muscovite mica surface. TCDB was evaporated, 
dip coated and drop casted onto the muscovite mica surface, to find the optimal 
deposition technique. The resulting surfaces were analysed using AFM. Depending 
on the method variations in deposition times, the surface roughness and 
topography can be controlled. The functionalized surfaces were subsequently 
used to crystallize four different model proteins in a hanging drop configuration 
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(hen egg white lysozyme (HEWL), bovine insulin, bovine serum albumin (BSA), and 
talin). The crystallization was followed over time and compared to the 
crystallization on clean cleaved muscovite mica in terms of number of crystals, 
nucleation speed, crystal size, and possible epitaxial crystal growth. 
 
  
 
Figure 1 Ball and stick model of muscovite mica (A), and chemical structure of 1,3,5-tris(10-
carboxydecyloxy) benzene (TCDB) (B). 
 
6.2 Experimental 
Muscovite mica (quality grade ASTM-V1) was obtained from S&J Trading Inc. Glen 
Oaks NY USA.  The synthesis of TCDB can be found in the supplementary 
information (SI-1).  
Three different approaches were used to apply the TCDB onto the mica 
surface. In the drop casting experiment 9 µL of a 10-4 M solution of TCDB in 
ethanol (absolute, Emsure, ACS, ISO, Reag. Ph. Eur. obtained from Merck) was 
deposited onto a freshly cleaved muscovite mica surface and left to dry. In the 
dip-coating experiments, cleaved muscovite mica was submerged into a solution 
of 10-4 M TCDB in ethanol for 10 seconds, removed from the solution, vertically 
dried for 20 seconds, and finally horizontally dried for at least an hour under a 
gentle nitrogen gas flow. The evaporation of TCDB onto the muscovite mica 
surface was performed by heating TCDB to 100⁰C under a glass beaker with mica 
facing down towards the TCDB source. For more details see [174]. 
AFM measurements were carried out using a Dimension 3100 AFM and a 
NanoScope Multimode 8 AFM with HA-NC tips from NT-MDT. The roughness was 
calculated with NanoScope analysis software, and with these values of different 
samples the standard deviation was calculated to give a measure for 
reproducibility. The protein crystallization methods are described in SI-2. The 
protein crystallization experiments were repeated five times on every surface. All 
experiments were performed on the same day, with the same solutions, and 
subjected to the same external conditions. The crystallographic orientation of 
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muscovite mica was determined using X-ray diffraction and optical polarization 
microscopy in conoscopy mode. 
6.3 Results 
6.3.1 Surface preparation 
After evaporation of the solvent, drop casted solutions of TCDB on the muscovite 
mica surface give rise to several different features of (multi) layers with a variable 
height (Figure 2). Figure 2A shows an almost complete layer of approximately 0.8 
± 0.2 nm in height, which probably corresponds with a monolayer. On top of this 
layer some elongated structures that have grown in the crystallographic a-
direction of muscovite mica, and have well-defined edges parallel to this 
direction.  The edge free energy is low in the perpendicular direction, leading to 
morphological instability and less well-defined edges. The height of the layers 
indicate that the molecules in the layer do not lie flat. The structures are found 
with angles of 60⁰ with respect to each other, as a consequence of the 
pseudohexagonal symmetry of the underlying muscovite mica surface. These 
structures illustrate that there is an epitaxial relationship between the muscovite 
mica and TCDB, which could propagate into ensuing higher layers. Epitaxy, and 
domains of TCDB were also observed on graphite by Lu et al. [220] with ECSTM 
measurements at the solid-liquid interface.  
 
Figure 2 AFM height image of drop casted TCDB structures on muscovite mica (A), cross 
section of the surface (B). 
 
Compared to the drop casting experiments TCDB layers that were 
produced using dip-coating provided smooth layers with fewer features and no 
anisotropy (Figure 3). The non-closed layer depicted in Figure 3A is 1.0 ± 0.2 nm 
high, which would correspond nicely with the first layer depicted in Figure 2. 
Closed layers are also observed using the dip-coating technique. Dewetting 
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phenomena will determine the surface morphology to a large extend in the cases 
of drop-casting and dip-coating [221].  
 
Figure 3 AFM height image of dip-coated TCDB on muscovite mica (A), cross section of the 
surface (B). 
 
Evaporation of TCDB  was also investigated, because of the low 
homogeneity, reproducibility, and control of roughness of the surface features on 
the drop-casted and dip-coated surfaces. Different growth periods of 6, 20, 30, 40, 
50 and 60 minutes (Figure 4) were investigated. Molecularly smooth planer 
terraced surfaces were obtained for every growth interval. A flat surface remains 
after 6 minutes of growth (Figure 4A), after 20 minutes of growth a multi-layered 
structure emerges (Figure 4B). The layers depicted in Figure 4B show heights of 
0.6 ± 0.2 nm, which indicates that single molecular layers are present. After 30 
minutes of growth or more, higher multi-layered structures emerge with heights 
of several nanometres (Figure 4C). The height of each of these features varies 
from sample to sample. This shows that the layer-by-layer growth goes on until 
the supply of TCDB ceases. Underneath the nanometre high feature in Figure 4C 
two layers can be observed with a height that correspond to a single molecule 
(0.8 ± 0.3 nm). The fact that these underlying layers are not closed points to a 
higher stability of the higher feature. The different surface morphologies show no 
obvious epitaxial orientation, but there is a clear layer-by-layer growth.  
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Figure 4 AFM height images of evaporated TCDB on muscovite mica after 6 min. (A), 20 min. 
(B), and 60 min. (C) of growth, with a cross-section of the surface on the right. 
 
AFM measurements of these surfaces were analysed for their roughness 
(Rrms). At least eight different locations of 2.5 by 2.5 µm were measured on 3 
different samples for every condition. The variation in roughness between these 
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spots and samples is expressed as the standard deviation (Table 1), and shows a 
high degree of reproducibility. The roughness of the layer after 6 min. of growth is 
close to the noise level of the AFM (i.e. 0.2 nm), and could signify that either a 
complete TCDB layer has formed or the muscovite mica surface is still empty 
(Figure 4A). The latter can be excluded because of the different protein crystal 
growth behaviour with respect to clean muscovite mica (vide infra). After 20 min. 
of growth a multi-layered structure with low surface roughness is observed 
(Figure 4B), and after longer growth times even higher planar features with 
macrosteps are observed, leading to a high surface roughness (Figure 4C). The 
roughness of the obtained surfaces increases for longer growth times, until it 
stabilizes after half an hour of growth (Table 1). The roughness value of the 
samples that were exposed to TCDB growth conditions for 50 min. deviates from 
this trend, even though large features were measured, similar to the ones shown 
in Figure 4C. Only small parts of these features were imaged with AFM, probably 
by coincidence, leading to a lower roughness value.  
 
Table 1 Roughness values (Rrms in nm) of TCDB layers grown by evaporation on muscovite 
mica for different growth times. Values were calculated from at least 8 AFM measurements of 
2.5 by 2.5 µm 
Growth time (min.) Roughness (Rrms (nm)) Total of scanned 
surface area (µm
2
) 
6 0.4 ± 0.05 150 
20 0.6 ± 0.04 50 
30 2.8 ± 0.06 675 
40 1.8 ± 0.1 243.75 
50 0.6 ± 0.05 243.75 
60 1.9 ± 0.1 337.5 
 
6.3.2 Protein crystallization 
The TCDB surfaces which were exposed to growth for 6, 20, and 60 min. were 
selected for protein crystallization and a reference surface of cleaved muscovite 
mica was used as well. The evaporated TCDB material is still present on the 
muscovite mica surface after being submerged in water for four days, as observed 
with AFM. Therefore, it is expected that the layers remain stable during protein 
crystallization. The drop of the crystallization mixture comprises a mica-solution 
contact surface area of approximately 10 mm2. Only crystals in contact with the 
muscovite mica in this contact area were counted. The formed crystals were 
counted manually with the help of optical microscopy.  
No significant differences were observed for BSA in terms of number of 
crystals, nucleation time, and crystal size on the various surfaces (Figure 5). 
However, the number of crystals grown on the reference muscovite mica surface 
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is significantly lower than on the functionalized TCDB surfaces. This may indicates 
that the chemical groups, or the hydrophobic nature of TCDB can stimulate BSA 
crystal formation.  
 
Figure 5 Number of bovine serum albumin crystals on (functionalized) muscovite mica. The 
crystallization is not a function of time, no differences are observed over time in the 
experiments with BSA. Only the crystal count of day three is shown. 
 
In the case of HEWL, significantly fewer crystals were formed after three 
days on the roughest TCDB-functionalized surface (60 minutes of evaporation), 
compared to the other TCDB-functionalized surfaces (Figure 6). This finding is in 
agreement with the results observed by Liu et al. [219], who also observed fewer 
HEWL crystals on rougher surfaces. The nucleation time and the size of the HEWL 
crystals is not influenced by the TCDB-functionalized surfaces. The observed 
differences for the growth of HEWL on these surfaces are not very statistically 
significant.  
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Figure 6 Number of HEWL crystals on (functionalized) muscovite mica as a function of time. 
 
The number of insulin crystals is constant after three days, and shows 
significant differences in nucleation time and crystal size (Figure 7 and 8). TCDB-
functionalized surfaces with a higher roughness (20 and 60 minutes of 
evaporation) show insulin nucleation after one day, instead of two days for 
muscovite mica and the TCDB-functionalized surface with the lowest roughness.  
The TCDB surface with the highest roughness also contains most crystals, while 
the largest crystals are obtained on TCDB-functionalized surface with a lower 
roughness (20 minutes of TCDB evaporation). This can be explained by the lower 
amount of crystals, giving rise to bigger crystals. There is also a significant 
difference in the amount of insulin crystals between the TCDB-functionalized 
surface (6 minutes of TCDB evaporation) and the reference muscovite mica 
surface, which points to the presence of a TCDB (mono)layer. 
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Figure 7 Number of insulin crystals on (functionalized) muscovite mica as a function of time. 
 
 
Figure 8 Optical microscopy images of insulin crystals on TCDB-functionalized surfaces with 20 
min. (A), and 60 min. of evaporation (B). The scale bar indicates 100 µm in both images. 
  
The greatest number of talin crystals can be found on the TCDB-
functionalized surface with 20 minutes of TCDB evaporation (Figure 9). The 
number of talin crystals is somewhat higher than on the surfaces with lower 
roughness, but not significantly higher compared to the TCDB-functionalized 
surface with 60 minutes of TCDB evaporation. 
A B B 
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Figure 9 Number of talin crystals on (functionalized) muscovite mica as a function of time. 
  
Oriented protein crystals were not found in any of the protein 
crystallization experiments with respect to the muscovite mica substrate, 
indicating that no epitaxial crystal growth occurred. Whether the different 
investigated proteins showed any effect on the surface roughness depended on 
the protein. The number of BSA crystal did not depend on surface roughness, 
while HEWL crystals were less numerous on the roughest surface, and insulin 
crystals were more numerous on the roughest surface. This means that several 
templates with varying roughness should be used in a protein crystallization trial.  
6.4 Conclusion 
The crystallization of the various model proteins (BSA, HEWL, insulin, and talin) is 
influenced by the surface roughness and morphology of the vapour-deposited 
TCDB layers on muscovite mica. The effect of the various TCDB layers on 
nucleation density, nucleation rate, and crystal growth rate varies to a large 
extent for the different tested proteins. In a number of cases (BSA and insulin) the 
nucleation of protein crystals is largely enhanced on the TCDB-functionalized 
surfaces as compared to bare muscovite mica. An enhancement of protein 
nucleation on functionalized surfaces can be very useful, as obtaining crystals 
from proteins for X-ray diffraction studies in life sciences is often impossible by a 
lack of nucleus formation. 
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 Summarizing, this chapter shows that surface roughness and morphology 
can influence the crystallization outcome of proteins, both in a positive way (more 
or bigger crystals), and in a negative way (fewer or smaller crystals). No epitaxial 
protein crystal growth was observed, i.e. crystals with a similar orientation with 
respect to the muscovite mica substrate, in any of the protein crystallization 
experiments.  
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“The old question with which people sought to push logicians into a corner, so that 
they must either have recourse to pitiful sophisms or confess their ignorance, and 
consequently the vanity of their whole art, is this – “What is truth?” The definition 
of the word truth, to wit, “the accordance of the cognition with its object,” is 
presupposed in the question; but we desire to be told, in the answer to it, what is 
the universal and secure criterion of the truth of every cognition. 
To know what questions we may reasonably propose, is in itself a strong evidence 
of sagacity and intelligence. For if a question be in itself absurd and unsusceptible 
of a rational answer, it is attended with the danger – not to mention the shame 
that falls upon the person who proposes it – of seducing the presented with the 
ridiculous spectacle of one (as the ancients said) “milking the he-goat, and the 
other holding a sieve.” 
          
Critique of Pure Reason 
     Immanuel Kant 
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Chapter 7 
Muscovite mica based templates for protein 
crystallization II; Thiol and ion-exchanged functional 
surfaces 
Summary 
In this study muscovite mica is functionalized with a range of different surface 
metal ions, and several organothiols, for the purpose of investigating their effect 
on protein crystallization. Muscovite mica was chosen as its surface roughness 
after cleavage is constant and the influence of chemical functionality can be 
exclusively investigated. It was found that the surface functionality has an effect 
on the number of crystals obtained in experiments with insulin, bovine serum 
albumin and hen egg white lysozyme (HEWL). Furthermore, the induction time for 
crystallization was also influenced by the different surfaces in the case of HEWL.  
7.1 Introduction 
Protein crystals of sufficient quality and size are the main requirement to 
elucidate the protein structure using X-ray diffraction. The function of the protein 
can be derived from the structure and thereby provides insight into the workings 
of cells and biochemical reactions at the molecular level. McPherson was the first 
to show that surface chemistry can play an important role in protein 
crystallization [25]. Since then, it has become apparent that the functional end-
groups  of a surface, and surface chemistry in general, can play a role in protein 
crystallization [23, 119-121, 216-218]. In the case of protein crystallization, 
surface metal ions can be important [39]. However, surface roughness can also be 
an important factor in crystal growth [219]. Therefore, a perfectly flat substrate 
was used to investigate the influence of surface chemistry on crystal growth of 
three model proteins (hen egg white lysozyme (HEWL), bovine insulin, and bovine 
serum albumin (BSA)).  
Atomically flat muscovite mica (monoclinic, a = 0.51906 nm, b = 0.9008 
nm, c = 2.0047 nm, β = 95.757o, space group C 2/c, chemical formula 
KAl2(Si3Al)O10(OH)2 (Figure 1A))  [173] was coated with a self-assembled 
monolayer of different organothiols to provide the chemical functionality (Figure 
1B). The ion-exchange properties of muscovite mica were also used, to provide a 
range of different metal ion-terminated surfaces. The following metal ions were 
used in the protein crystallization experiments: K+, Ag+, Ca2+, Mn2+, Fe2+, Co2+, Ni2+, 
Cu2+, Zn2+, Cd2+, and V3+. The protein crystallization was performed in a hanging 
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drop configuration and the number of crystals present in each experimental setup 
was followed for several days. 
 
Figure 1 Ball and stick model of muscovite mica (A), organothiol molecules used as monolayers 
with different functionalities (B); 6-mercaptohexanoic acid (1), 1,8-octanedithiol (2), 9-
mercapto-1-nonanol (3), 1-dodecanethiol (4), 4-biphenylthiol (5), and L-cysteine (6). 
  
A B 
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7.2 Experimental 
Muscovite mica (quality grade ASTM-V1) was obtained from S&J Trading Inc. Glen 
Oaks NY USA. The construction of the thiol monolayers, the ion exchange 
procedure, and the protein crystallization (SI-1) experiments are described 
elsewhere [207, 222, 223]. A different drop composition was used in the case of 
BSA crystallization on ion-exchanged muscovite mica surfaces as compared to the 
one described in [224]; in the present case 36% v/v PEG-400 and 64% 
v/v 250 
mg/mL BSA was used. All experiments were performed in fivefold. The 
experiments with the same protein were performed using the same solutions and 
external conditions, and were performed in parallel. The crystallization should 
yield tetragonal HEWL, rhombohedral insulin, and monoclinic BSA crystals. The 
contact area between the droplet and substrate was approximately 10 mm2. 
Crystals were counted manually using a microscope. 
Atomic force microscopy (AFM) measurements were carried out in 
tapping mode on a Dimension 3100 from Veeco with HA-NC tips from ND-MDT. 
7.3 Results and Discussion 
7.3.1 Protein crystallization on organothiols 
7.3.1.1 HEWL 
HEWL crystallization was followed for four days and the number of crystals was 
counted manually, the average amount of crystals is depicted  for every type of 
surface (Figure 2 and 3). Only one out of the five reference experiments on Cu2+-
terminated muscovite mica yielded HEWL crystals, which results in relatively large 
error bars. HEWL nucleation is fastest for the 6-mercaptohexanoic acid and 1-
dodecanethiol monolayers. After four days the surfaces functionalized with 6-
mercaptohexanoic acid (1), 4-biphenylthiol (5) and L-cysteine (6) show the largest 
amount of crystals. The 1,8-octanedithiol-functionalized (2) surface contains the 
fewest crystals of the functionalized surfaces. This shows that the crystallization of 
HEWL can be influenced by the chemical functionality of the surface, in terms of 
number of crystals and nucleation time. Furthermore, it also shows that these 
differences are not caused by a preference of HEWL to grow on a hydrophilic or 
hydrophobic surface.  
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Figure 2 HEWL crystals grown on Cu-terminated muscovite mica. 
 
 
 
Figure 3 Number of HEWL crystals as a function of time (in days) for each organothiol-
functionalized surface (number in brackets corresponds to the chemical structure in Figure 1B). 
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7.3.1.2 Insulin 
The crystallization of insulin was only followed for two days because of the large 
number of crystals present on the surfaces after more than 3 days, and the 
absence of clear differences between the amount of crystals after 3 or 4 days 
(Figure 4). Insulin nucleates roughly equally fast on all different functionalized 
surfaces and significantly less crystals are produced on the organothiol-
functionalized surface than on the Cu2+-terminated reference surface. The largest 
difference found among the organothiol-functionalized surfaces, is the amount of 
crystals grown on the 1,8-octanedithiol (2), and L-cysteine (6) functionalized 
surfaces, the latter producing significantly less crystals.  
 
Figure 4 Number of insulin crystals after two days for each organothiol-functionalized surface 
(number in brackets corresponds to the chemical structure in Figure 1B). The experiment on 
the 1,8-octanedithiol-functionalized surface contains n=4 instead of n=5 experiments. 
 
7.3.1.3 BSA 
The number of BSA crystals remains constant after one day, therefore, only the 
data on day four of the experiment is presented (Figure 5). Significantly more BSA 
crystals have grown on 9-mercapto-1-nonanol (3) and 4-biphenylthiol-
functionalized (5)surfaces than on the other organothiol-functionalized surfaces. 
This shows that BSA crystal growth can be influenced by the chemical 
functionality of the surface, and that this is not caused by a preference of BSA for 
either a hydrophilic or hydrophobic surface, as (3) is expected to produce a 
hydrophilic layer and (5) a hydrophobic layer. 
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Figure 5 Number of BSA crystals after four days for each organothiol-functionalized surface 
(number in brackets corresponds to the chemical structure in Figure 1B). 
  
The results of the protein crystallization experiments on the thiolated 
surfaces cannot be compared with the ion-exchanged surfaces, as these 
experiments were performed on different days, and hence were exposed to 
different external conditions. 
7.3.2 Protein crystallization on ion-exchanged muscovite mica 
Sun et al.[39] observed that the protein trichosanthin only crystallized epitaxially 
on K+-terminated muscovite mica and not epitaxially on Li+, Na+, or Ni2+-
terminated muscovite mica. One would expect that the surface ions will be 
exchanged for the metal ions that are present in the protein crystallization 
mixture. In their case high concentrations of K+ (14% (w/v) KCl), and Na
+ (0.075 M 
sodium citrate) were available in the crystallization solution. These ions can, in 
principle, exchange for the surface ions, which are present on the muscovite mica, 
via the usual equilibrium exchange reaction [147]. If this is the case, the outcome 
of the crystallization should be the same, no matter what kind of  initial surface 
ion is present.  The fact that trichosanthin only crystallizes epitaxially on K+-
terminated muscovite mica, indicates that the ion exchange is hindered, most 
likely by the protein. If so, different outcomes in crystallization, e.g. in terms of 
number of crystals, size of the crystals, and nucleation time, can be expected on 
different metal ion-terminated muscovite mica surfaces for other proteins. 
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 The roughness of the surface is known to be able to influence the 
outcome of protein crystallization experiments [219]. Therefore, the roughness of 
the ion-exchanged surfaces produced in this study is measured using AFM and is 
presented in Table 1. It can be seen that the roughness of Fe2+-terminated 
muscovite mica is significantly higher than the other (functionalized) surfaces 
(AFM images of Fe2+-terminated muscovite mica and Zn2+-terminated muscovite 
mica can be found in SI-2). However, the crystallization outcomes of the three 
model proteins are not consistently higher or lower as a result of the surface 
roughness, showing that other parameters have a more important role (Figures 6-
8). The presence of the ions on the muscovite mica surface was confirmed using 
X-ray photoelectron spectroscopy and surface X-ray diffraction [207]. 
 
Table 1 Surface roughness (Rrms) of muscovite mica after ion-exchange with different metal 
ions. These values are based on at least 6 different atomic force microscopy measurements of 
2.5 by 2.5 micrometres areas 
Muscovite mica metal 
ion termination 
Surface roughness 
(Rrms in nm) 
Ag 0.34 ± 0.20 
Ca 0.21 ± 0.04 
Mn 0.26 ± 0.11 
Fe 2.40 ± 0.56 
Co 0.16 ± 0.01 
Ni 0.09 ± 0.02 
Cu 0.23 ± 0.04 
Zn 0.09 ± 0.02 
Cd 0.19 ± 0.03 
V 0.12 ± 0.01 
 
7.3.2.1 HEWL 
Figure 6 shows the crystallization behaviour of HEWL on different metal ion-
terminated muscovite mica surfaces as a function of time. The nucleation 
behaviour of HEWL is different on different functionalized surfaces. On Co2+-
terminated muscovite mica, for example, crystallization takes place only after four 
days, while crystals are already observed after two days on various other surfaces. 
Significant differences also exist in the total number of crystals on the 
functionalized surfaces, e.g. between Ni2+ and Cd2+-terminated mica. 
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Figure 6 Number of HEWL crystals on muscovite mica with different surface metal ions as a 
function of time (days). For K+ and V3+-terminated muscovite mica n=4 instead of n=5. 
 
7.3.2.2 Insulin 
Figure 7 shows the crystallization behaviour of insulin on different metal ion-
terminated muscovite mica surfaces as a function of time. Crystals are observed 
on every surface after one day in the case of insulin. There are significant 
differences in the number of insulin crystals on the different functionalized 
surfaces, e.g. between Ni2+ and Mn2+-terminated muscovite mica.  
109 
 
 
Figure 7 Number of insulin crystals on muscovite mica with different surface metal ions as a 
function of time (days). For Ag+, Ca2+, Mn2+,  and Fe2+-terminated muscovite mica n=4, and 
for K+-terminated muscovite mica n=3 instead of n=5. Values obtained for the number of 
insulin crystals on K+, Ag+, Ca2+, Co2+, Ni2+, Cu2+, and V3+-terminated muscovite mica 
after 2 and 3 days are based on estimates. 
 
 
7.3.2.3 BSA 
Figure 8 shows the crystallization behaviour of BSA on different metal ion 
terminated muscovite mica surfaces recorded after four days. The number of 
crystals remains constant after the first day for BSA under the chosen conditions. 
There are significant differences in the number of insulin crystals on different 
functionalized surfaces, e.g. between Ni2+ and V3+-terminated muscovite mica. 
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Figure 8 Number of BSA crystals on muscovite mica with different surface metal ions. For Fe2+, 
Ni2+, and Zn2+ terminated muscovite mica n=4 instead of n=5. 
 
The possibility that the surface metal ions exchanged immediately, and 
that the presence of these metal ions in the solution affected the crystallization 
outcome was also considered. Lysozyme crystallization experiments were 
performed on cleaved muscovite mica, with added trace amounts of metal ions 
(comparable to one monolayer of metal ions on the surface), to investigate 
whether this affected the crystallization (Cl, or Br counter ions were used). No 
significant difference was observed in terms of onset of nucleation, or in the 
amount of crystals (See SI-3 for details). Therefore, the metal ions at the surface 
must have an effect on protein crystallization. Therefore, either ion exchange 
does not occur in the crystallization mixture, or a very low concentration of 
certain metal ions influences the crystallization on the surface of muscovite mica. 
The latter reason however, does not explain the observed epitaxial growth of 
trichosanthin by Sun et al. [39] solely on K-terminated muscovite mica, which 
must also happen for the other ion-terminated surfaces that they used if the 
surface ions exchange during crystallization. Therefore, the protein might 
influence the ion-exchange process, by forming a barrier layer at the surface, 
hindering ion-exchange. Or alternatively, the prenucleation phase on the surface 
is influenced within the first few minutes of the experiment, followed by the slow 
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growth of crystals [225]. In both cases the observed differences are really due to 
the surface ions. 
The protein talin was also investigated on the different surfaces, but the 
results are excluded from the main discussion, because the crystallization only 
depended on the time of drop application on the functionalized surface. 
Therefore, nucleation must mainly occurs in the solution. The later the drop was 
applied the more, and the faster crystals grew on the surface. A possible reason 
for this could be the evaporation of the solvent.  
Generally speaking, there is no metal ion that performs better for every 
protein, in terms of nucleation speed, or number of crystals. This is also the case 
for the organothiol-functionalized surfaces. It may therefore be necessary in a 
protein crystallization trial to use various surfaces, as it also does not suffice to 
use only hydrophobic and hydrophilic surfaces. The crystal size does not vary 
between the different substrates, except when there are many crystals (>500), 
then crystals are smaller. The surface roughness of the different ion-exchanged 
surfaces (e.g. rough Fe2+-terminated vs smooth Mn2+-terminated muscovite mica) 
did not influence the protein crystallization outcome. This indicates that the 
chemical functionality of the surface plays an important role compared to the 
surface roughness in the protein crystallization behaviour. 
7.4 Conclusion 
HEWL, insulin and BSA were crystallized on functionalized muscovite mica 
surfaces. The different functionalized surfaces showed a significant effect on the 
number of crystals for all three proteins, and influenced the nucleation time of 
HEWL. The differences in crystallization behaviour on the organothiol surfaces 
cannot be ascribed to simple hydrophobic/hydrophilic interactions with the 
protein. The differences in crystallization behaviour on the ion-exchanged 
muscovite mica surfaces can be attributed to the different metal ions. The 
alternative, that the ions get exchanged in the crystallization mixture, would mean 
that the results should be the same on every surface, and also does not explain 
the observed epitaxial trichosanthin crystallization solely on K+-terminated 
muscovite mica by Sun et al. [39]. 
 Many different surfaces are required to find the best fit for a particular 
protein crystal in a crystallization trial. But how much the surface functionality can 
contribute to the crystallization outcome of yet uncrystallised proteins, remains 
an open question. Trial and error is still needed.  
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“Herr von Mairan regarded the controversy between two celebrated astronomers, 
which arose from a similar difficulty as to the choice of a proper standpoint, as a 
phenomenon of sufficient importance to warrant a separate treatise on the 
subject. The one concluded: the moon revolves on its own axis because it 
constantly presents the same side to the earth; the other declared that the moon 
does not revolve on its own axis, for the same reason. Both conclusions were 
perfectly correct, according to the point of view from which the motions of the 
moon were considered.” 
       
Critique of Pure Reason  
     Immanuel Kant 
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Chapter 8 
Muscovite mica based templates for protein 
crystallization III; Oriented protein crystals on a polymer 
network 
 
Abstract 
2-Dimensional Polymers (2DP) are a novel class of material that consist of a 
monolayer of ordered molecular building blocks, which can be (reversibly) linked. 
We have self-assembled one such monomer on a flat muscovite mica substrate 
and subsequently polymerized the organic layer. The resulting flat and stable 2DP 
layer was used as a template for protein crystallization, which yielded an rare 
example of epitaxial protein crystals. We found that epitaxial insulin crystals were 
exclusively formed on the polymer network, while reference insulin crystals grown 
on clean muscovite mica had a random orientation. This demonstrates that 2DP 
templates can indeed improve the outcome of protein crystallization experiments. 
8.1 Introduction 
Protein crystallization and subsequent structure elucidation using diffraction 
techniques is the most common method to obtain protein structures. Obtaining 
suitable crystals is the bottleneck in this approach. Templates have proven to be 
useful by improving the protein crystallization outcome, in terms of crystal size, 
impurity incorporation, and nucleation time [25, 53, 55, 122, 218, 226, 227]. 
Important factors that affect the efficiency of a template include the chemical 
functionality [23, 119-122, 216-218], its crystalline or amorphous nature [15, 18, 
19, 24, 212, 215, 228, 229], and the surface roughness [219, 230-235]. Because 
proteins vary in size and chemical makeup, an ideal template for protein 
crystallization should allow tuning the lattice and its chemical functionality, to 
optimize the protein-substrate interactions and optimally benefit the 
crystallization outcome. 2-Dimensional Polymers (2DP) in principle meet this 
requirement. A 2DP is defined as a covalently bonded molecular network, with 
large internal periodicity that expands far beyond molecular dimensions, and with 
a layer thickness of one molecule [83]. The molecular building blocks of 2DPs can 
be synthetically manipulated to tune the chemical functionality, and different 
building blocks can also provide different lattice dimensions [91, 96, 236]. 
 In contrast, templates that have been used for protein crystallization up 
till now do not have all the properties of an ideal template. They can be divided 
into three categories; 1. Biological material, such as hair [237-239]. These are non-
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crystalline materials, which do not have a tuneable chemical functionality. The 
outcome of crystallization experiments performed on such templates are 
sometimes difficult to explain, e.g. young horse’s hair works better as a nucleation 
agent than old horse’s hair [238]. 2. Non-crystalline rough/porous materials. 
These materials can enhance nucleation by reducing the surface free energy and 
allow the growth of a critical nucleus inside a depression/pore [230-235]. 
Although these templates can be tuned in their chemical functionality, they are 
not crystalline, and therefore lack a capacity to induce molecular order of the 
protein. 3. Crystalline surfaces. The crystalline materials that have been used as 
templates for protein crystallization were mostly natural minerals, and do not 
have tunable chemical functionality or adjustable lattice parameters. 
Furthermore, the effect on protein crystallization has been observed to be 
capricious, when randomly crystalline templates were used [19, 24]. 
Therefore, in this study we have investigated the potential of a 2DP as a 
template for protein crystallization. The photoreactive molecule that is used in 
this study is known as ‘precursor macrocycle 2’ (PM2) (Figure 1A) [240]. PM2 
contains three anthracene functional groups, and six triple bonds that can 
dimerize on UV exposure via a [2+4] (triple bond with anthracene) or [4+4] 
(anthracene with anthracene) cycloaddition reaction. Thus, a stable crystalline 
network can be obtained. We have used crystalline flat muscovite mica [173] as 
templates for the monomer units.  The polymerized monomer surfaces were 
subsequently used for protein crystallization experiments, of four different 
proteins, in a hanging drop configuration.  
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Figure 1 Structure of the photoreactive monomer (PM2) (A), and ball and stick model of 
muscovite mica (B). 
8.2 Results and Discussion 
8.2.1 On surface polymerization 
First, the polymerization of PM2 on muscovite mica was investigated, to study the 
stability and morphology of the organic layer, prior to its use as a template for 
protein crystallization. PM2 monomers were applied to the muscovite mica 
surface using dip-coating, after which polymerization was initiated by exposing 
the surfaces to UV-Vis light (for experimental details see SI-1 & SI-2). This 
procedure resulted in flat surfaces on the muscovite mica template (Figure 2). In 
the AFM images no clear difference is observed in the surface morphology before 
and after polymerization. The fact that no reorganization occurs indicates that the 
molecules do not need to rearrange, and points to molecular organization (while 
drop casted material does rearrange, see SI-3). Washing the polymerized layer on 
muscovite mica in ethanol left the layer intact (SI-3). Furthermore, the 
polymerized layers on muscovite mica could be floated off onto a water-air 
interface (SI-3). Consequently, we can conclude that polymerization was 
successful.  
A B 
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Figure 2 AFM surface topography of PM2 on muscovite mica before (A), and after exposure to 
UV radiation (B). 
 
The fact that the obtained polymerized PM2 layers are flat allows us to 
exclusively look at the influence of the 2DP layer by comparing the crystallization 
outcome on clean muscovite mica with 2DP functionalized surfaces. Furthermore, 
the absence of surface roughness variation, as was measured on different parts of 
the 2DP layer, also makes sure that surface roughness can be excluded as a reason 
for any differences in protein crystallization outcome [219].  
8.2.2 Insulin Crystallization 
The crystallization of insulin was performed in a hanging drop configuration. This 
prevents the PM2 polymer layer from floating off the substrate’s surface. 
Oriented insulin crystals were observed on the polymer network on top of 
muscovite mica, some of which are shown in Figure 3A and SI-4. Crystals were 
found with a similar orientation, but also at angles of 60⁰ with respect to each 
other, as is expected for crystals that grow on a hexagonal network (SI-4). A 
‘similar orientation’ is defined here as an orientation that appears identical for 
different crystals using visual inspection with a standard deviation of 5⁰. The 
observation of oriented insulin crystals indirectly shows that the underlying 2DP 
network is also ordered. The epitaxial nucleation of the insuline crystals extends 
over surface areas exceeding 1 mm2 (SI-4). This indicates that the polymer layer is 
ordered over substantial distances. 
To illustrate the epitaxial nature of the crystallization, the angular 
distribution of the insulin crystals on the polymer network is shown in Figure 3B. 
In this graph, the direction of the longest diagonal through the crystals (which is 
parallel to the insulin [-1 1 0] direction), is shown with respect to the 
crystallographic muscovite mica directions. No distinction can be made between 
the crystallographic ?⃗?-direction and the directions obtained after rotations over 
60⁰, as a consequence of the pseudo-hexagonal symmetry of the muscovite mica 
A B 
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(001) surface. Hence, three preferential directions are visible in Figure 3B, 60° 
apart. No such orientation was observed for crystals nucleated on bare muscovite 
mica surfaces (Figure 3C and D).  
 
 
 
Figure 3 Optical microscopy images of insulin crystals on the polymer network (A) and on bare 
muscovite mica (C) (the scale bar represents 100 µm), angular distribution of the crystals on the 
polymer network (B), and the sum of the angular distribution of the insulin crystals on bare 
muscovite mica surfaces (D), the muscovite mica crystallographic ?⃗⃗?-axis at 0 ± 5⁰ and the ?⃗⃗?-axis 
at 90 ± 5⁰ (B). 
A B 
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Figure 4 Possible 2DP network structure on muscovite mica, with the muscovite mica axes 
indicated on the right, a unit cell of the 2DP network depicted in red, and the 2D unit cell of 
(100) insulin depicted in blue, with a blue arrow indicating the rhombohedral [-1 1 0] direction 
of insulin. 
Figure 4 explains how the crystal lattices of muscovite mica, the PM2 
network and insulin fit together with the observed epitaxial relation. In this 
picture a 5x5 pseudo-hexagonal mica (001) surface unit cells facilitates one 
(hexagonal) PM2 unit cell with a mismatch of approximately 14% (depicted in 
Figure 4 in red) (SI-5). Three such PM2 ‘surface unit cells’ form a 30° rotated cell 
(shown in blue in Figure 4) facilitate one (pseudo-hexagonal) (100) unit cell of 
rhombohedral T6-insulin with a mismatch of 8%. The PM2 molecule is flexible 
enough to accommodate the mismatch, and the mismatches are within the 
accepted boundaries where epitaxy is possible (i.e. 15%) [13, 30].  We stress, 
however, that this is speculation, since we have no direct information on the 
order of the 2D polymer. 
We also tested the effect of the polymer template on the nucleation and 
growth of three other proteins (hen eggwhite lysozyme (HEWL), bovine serum 
?⃗? 
?⃗? 
𝑖𝑛𝑠𝑢𝑙𝑖𝑛 [1̅10] 
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albumine (BSA), and talin). The results of these experiments can be found in SI-6.  
In the case of HEWL, significantly more crystals were found on the 2DP layer (67 ± 
6, with respect to 22 ± 5 on clean muscovite mica), which were also larger than 
those grown on the clean muscovite mica surface. In the case of BSA and talin, no 
significant differences were observed. No preferential orientation was observed 
for these protein crystals. Thus only a specific combination of 2DP template and 
protein leads to improved crystallization. 
 
8.3 Conclusion 
To summarize, we have shown that the combination of a flat muscovite mica 
substrate and an ordered 2DP network yields a useful template for protein 
crystallization. This template was found to induce epitaxial insulin crystallization, 
something that has been observed once using non-designed templates [39]. 2DPs 
can be tuned in terms of chemical functionality and lattice size and symmetry, and 
therefore hold great promise as template materials for protein crystal growth.  
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“For the things which men believe are either facts or probabilities: if, therefore, a 
thing that is believed is improbable and even incredible, it must be true, since it is 
certainly not believed because it is at all probable or credible.” 
        
Rhetoric 
        Aristotle 
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Chapter 9 
Protein crystallization on zeolite minerals 
Summary 
Epitaxial protein crystals are extremely rare, with only two examples found in 
literature on muscovite mica [39] and apophyllite [25] . Here we report two 
possible other cases of epitaxial protein crystal growth, which were found in our 
quest to find a universal template for protein crystallization. We investigated the 
crystal growth of 4 model proteins on 25 crystalline substrates with large lattice 
parameters, to compare the crystallization outcome to the reported observations 
on 50 substrates with small lattice constants by McPherson and Shlichta [25]. Six 
cases (out of 100 experiments) of crystal morphology changes or epitaxy were 
found, compared to seven (out of 200 experiments) by McPherson and Shlichta. 
Although this is an improvement, it does not constitute the much coveted 
universal template for protein crystallization. 
 
9.1 Introduction 
It is well known that heterogeneous (epitaxial) nucleation can lower the required 
supersaturation for crystallization and increase the number of crystals formed. 
Epitaxial crystal growth can also benefit the overall crystal quality. A near lattice 
match is required in the case of epitaxial growth between the substrate and the 
crystallization material, either exact or an integer multiple number of lattice 
dimensions. In the case of protein nucleation on mineral substrates, McPherson 
and Shlichta found that nucleation occurred preferentially on the mineral 
surfaces, and the nucleation time was decreased with respect to spontaneous 
nucleation [19]. They also found that lysozyme epitaxially crystallized on 
apophyllite where the lysozyme lattice directions [001] by [100] fit to the 
apophyllite with 3 lengths along [110] and by 5 lengths along the [001] direction 
[24]. Overall, the 50 minerals that were used by McPherson and Shlichta had small 
lattice dimensions compared to the usual protein crystal lattice dimensions. 
Therefore a 1:1 correlation of the unit cell dimensions was impossible.  
McPherson and Shlichta’s research showed that minerals can positively 
affect the crystallization outcome of proteins. However, the number of cases with 
a positive outcome were too low, and the outcome too random for a practical 
application. In this study we investigate whether larger lattice constants 
significantly increase the success rate in obtaining epitaxial crystals, or affect the 
crystal size or number of crystals in protein crystallization experiments. To this 
end, zeolite minerals were selected as substrates for protein crystallization. 
122 
 
Zeolite minerals have at least one lattice parameter that is larger than one 
nanometre (see Table 1). The larger lattice parameters may help to give protein 
molecules a preferred orientation on the lattice,  and in this way affect the 
crystallization outcome. Four model proteins were selected for these 
experiments: hen egg white lysozyme (HEWL), bovine insulin, bovine serum 
albumin (BSA), and talin. All minerals were exposed to the four different proteins 
at least three times in a hanging drop configuration. The crystallization outcome 
was investigated in situ with the help of transmission polarization optical 
microscopy for the detection of abnormal crystal size, morphology, amount of 
crystals and possible epitaxy. 
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Table 1 List of minerals used as substrates for protein crystallization, *more than one chemical 
composition and crystal structure is possible (e.g. dihydrate form, or ion-exchanged) 
Mineral Space 
Group 
?⃗⃗? (Å) ?⃗⃗? (Å) ?⃗⃗? (Å) α β γ 
Analcime [241] Ia3d 13.73 13.73 13.73 90 90 90 
Apophyllite [242] P4/mnc 9 9 15.8 90 90 90 
Barrerite [243] Amma 13.643 18.200 17.842 90 90 90 
Brewsterite [244] P121/m1 6.772 17.51 7.744 90 94.30 90 
Chabazite [245] R3mr 9.4 9.4 9.4 94.3 94.3 94.3 
Clinoptilolite* [246] C12/m1 17.641 18.031 7.402 90 116.43 90 
Cummingtonite* [247] C12/m1 9.51 18.19 5.33 90 101.92 90 
Dachiardite* [248] B112/m 18.72 10.3 7.54 90 90 107.9 
Epistilbite* [249] C12/m1 9.08 17.74 10.25 90 124.54 90 
Gmelinite* [250] P63/mmc 13.800 13.800 9.964 90 90 120 
Goosecreekite [251] P1211 7.401 17.439 7.293 90 105.44 90 
Harmotome*[252] P121/m1 9.879 14.139 8.693 90 124.81 90 
Heulandite* [253] C1m1 17.73 17.82 7.43 90 116.33 90 
Laumontite* [254] A11m 7.549 14.740 13.072 90 90 111.9 
Lepidolite* [255] C12/c1 9.032 5.200 20.150 90 99.77 90 
Levyne* [256] R3mh 13.372 13.372 22.640 90 90 120 
Mesolite* [257] Fdd2 18.405 56.655 6.544 90 90 90 
Magnesium Oxide 
[258] 
Fm3m 4.22 4.22 4.22 90 90 90 
Mordenite [259] Cmc21 18.094 20.516 7.524 90 90 90 
Natrolite [260] Fdd2 18.360 18.630 6.60 90 90 90 
Paulingite*[261] Im3m 35.093 35.093 35.093 90 90 90 
Phillipsite* [252] P121/m1 9.865 14.300 8.668 90 124.20 90 
Pollucite* [262] Ia3d 13.74 13.74 13.74 90 90 90 
Scolecite* [263] C1c1 6.517 18.956 9.765 90 108.860 90 
Stellerite* [264] Fmmm 13.599 18.222 17.863 90 90 90 
Stilbite* [265] C12/m1 13.69 18.25 11.31 90 128.2 90 
Thomsonite* [266] Pbmn 13.122 13.077 6.621 90 90 90 
9.2 Method and Materials 
Most minerals were purchased from e-Bay, magnesium oxide (10x10x0.5 mm, 
polished on one side, (100) orientation) was purchased from Alfa Aesar. The 
minerals were cleaved using a hammer and chisel into smaller crystal fragments, 
in order to fit in a crystallization well. The resulting crystal fragments (few mm3) 
consisted mostly of rough surfaces and were exposed with a random orientation 
to a crystallization solution. A crystal fragment was attached to a siliconized glass 
slide using vacuum grease, and surrounded with a barrier of vacuum grease to 
keep the drop in place. 10 µL of crystallization solution was placed on the crystal 
and the glass plate was put upside down onto a crystallization well, containing a 
basin of liquid for counter diffusion. The protein crystallization conditions using 
the hanging drop method are described in more detail elsewhere (Chapter 8, SI-2) 
[224]. 
Magnesium oxide and apophyllite were selected to reproduce the most 
interesting results obtained by McPherson and Shlichta with the growth of HEWL. 
124 
 
The crystallization outcome on a freshly cleaved muscovite mica (001) substrate 
was taken as a reference point, from which it was determined whether the 
crystals were larger, or more numerous. The experiments were performed in 
parallel at 20 ± 1°C under identical external conditions, unless stated otherwise. 
All experiments were performed in triplicate. 
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9.3 Results and Discussion 
Because of the large number of systems the results of the experiments will be 
discussed only briefly and are summarized in Table 2. Each letter in the table 
indicates a significant difference with respect to the muscovite mica reference 
experiment. Such differences occurred in approximately 40% of the time, in the 
remaining 60% crystallization did occur, but without a clear difference (no entry in 
the table). 
 
Table 2 Protein crystallization outcome on the zeolite substrates, L: larger crystals, S: smaller 
crystals, F: fewer crystals, M: more crystals, N: crystal induces aggregated crystal clusters. 
Morf: abnormal morphology, E: epitaxy, (L, S, F, and M with respect to crystallization on 
muscovite mica). An empty space means that no evident difference was observed. 
Mineral HEWL BSA Insulin Talin 
Analcime L, F   F 
Apophyllite L   N 
Barrerite L, F M  L, Morf 
Brewsterite    N 
Chabazite     
Clinoptilolite     
Cummingtonite L M Morf  
Dachiardite  M M N 
Epistilbite    N 
Gmelinite M M   
Goosecreekite    N 
Harmotome M  M  
Heulandite  M, S  L, Morf 
Laumontite     
Lepidolite    F, S 
Levyne L M  S 
Mesolite F  M, E?  
Magnesium Oxide E?, Morf L M  
Mordenite     
Natrolite F M, Morf   
Paulingite L M  N 
Phillipsite L, F    
Pollucite     
Scolecite     
Stellerite M, L   M, S 
Stilbite     
Thomsonite S, F   N 
 
9.3.1 MgO 
Epitaxial HEWL crystal growth on MgO from McPherson and Shlichta was 
reproduced (Figure 1A), the (small) crystals have a similar orientation on the 
substrate. The experiment was repeated on a different day, and therefore 
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inadvertently with different unknown external conditions (e.g. humidity), in which 
case the expected tetragonal HEWL crystals appeared, but without the epitaxial 
relationship (Figure 1B).  
 Very large (factor 10 bigger) crystals were obtained on the MgO 
substrates in the case of BSA (Figure 1C), as compared to muscovite mica and 
glass substrates. In order to guarantee that these are BSA crystals a control 
experiment with the same solution but without BSA was performed. In this case 
the surface morphology of MgO was different from clean MgO, which is flat and 
featureless (Figure 1D), but did not lead to crystals such as shown in Figure 1C. 
These surface features (Figure 1D) were also visible underneath the large BSA 
crystals shown in Figure 1C. Possibly the potassium dihydrogenphosphate from 
the buffer solution crystallized as well in this case. 
 In the case of talin, crystallites were observed, both on the MgO as well as 
next to the substrate on the grease covered glass slide (Figure 1E). The same 
features were observed in a control experiment without talin (Figure 1F). 
Therefore, these crystals consist probably of mainly di-sodium tartrate dihydrate, 
which is present in the buffer. 
 To summarize the results on MgO, we reproduced the epitaxial growth of 
HEWL on MgO, and obtained bigger BSA crystals with respect to crystallization on 
muscovite mica or glass. The possibility that other materials crystallize should also 
be considered when using MgO as a substrate. 
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Figure 1 Optical polarization microscopy images of HEWL on MgO (A & B), BSA on MgO (C), 
BSA reference experiment (D), talin on MgO (E), and talin reference experiment (F). The scale 
bars represent 100 µm. 
9.3.2 Zeolites and other minerals 
Contrary to the observations of McPherson and Shlichta no epitaxial 
crystallization of HEWL on apophyllite was observed. This could be due to the 
poor reproducibility of protein crystallization experiments in general. For other 
mineral-protein combinations we consistently found crystals that show different 
outer morphology with respect to crystallization on muscovite mica, or oriented 
crystals, as shown in Figure 2. Elongated needle-like BSA crystals were observed 
A B 
C D 
E F 
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on natrolite (Figure 2A), while gmelinite contained an unusually large number of 
BSA plate shaped crystals (Figure 2B). Oriented insulin crystals could be observed 
on mesolite, indicating possible local epitaxial crystal growth (Figure 2C). Rod 
shaped insulin crystals were found on cummingtonite, which can be induced by an 
epitaxial relation with the substrate, or be due to a chemical interaction. (Figure 
2D). Talin crystallized in particularly large crystals on heulandite and barrerite 
(Figures 2E & 2G) with a different morphology, the normal crystal size and 
morphology can be seen in Figures 2F & 2H. Many of the substrates induced 
aggregated crystal clusters of talin, indicated with N in Table 2 and shown in the 
cases of barrerite (Figure 2F), and thomsonite (Figure 2H). 
Whether epitaxial crystal growth on mesolite and cummingtonite is 
actually possible can be derived from a match in lattice parameters. A unit cell of 
insulin on the (0 0 1) face can in theory fit on the cummingtonite 5 ∙ [1 0 0] 
x 9 ∙ [0 0 1] cell (angle of 101.92⁰), with a mismatch of -3% and -2% along both 
axes, and a 2% area mismatch. Similarly, a 2x2 unit cell of the (0 0 1) face of 
insulin can fit onto a mesolite surface cell of 5 ∙ (0 1 0) x 13 ∙ (0 0 1) (angle of 
90⁰), with a mismatch of -4% and 0.2% along both axes, and a -4% surface area 
mismatch. This mismatch is within the range where epitaxial crystal growth is 
believed to be possible [13, 20]. X-ray diffraction could in principle establish 
whether this is the case, but is hampered by the myriad of other protein crystals 
that have a random orientation on one of the other faces of the mineral.  
The 100 experiments using zeolites provide 6 examples of abnormal 
morphology or possible epitaxy (shown in Figure 2A-E and 2G) for the investigated 
model proteins, compared to 7 out of 200 experiments performed by McPherson 
and Shlichta [25]. This indicates that using substrate crystals with large lattice 
parameters may increase the likelihood of aiding crystallization. However, it can 
also be caused by the different chemical composition of the minerals and the 
interactions with the protein molecules. Protein crystal growth was also observed 
in the crystallization solution, which is contrary to the observations of McPherson 
and Shlichta, who observed that nucleation was limited to the crystal substrates. 
Generally speaking, protein crystallization is often irreproducible, which is 
illustrated by the outcome of HEWL crystallization on MgO and apophyllite. The 
protein is exposed to different crystal faces on the broken “cleaved” mineral 
surfaces, due to a missing preferred cleavage plane. Nevertheless, the 
observations listed in Table 2 only constitute experiments that were consistent in 
outcome over the three experiments, with the exception of the oriented insulin 
crystals on mesolite, which constitutes a single observation. No ordered crystals 
were observed in the other two experiments, which can be because of different 
substrate crystal faces being exposed to insulin.  
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Figure 2 Optical polarization microscopy images of elongated BSA crystals on natrolite (A), 
many BSA crystals on gmelinite (B), oriented insulin crystals on mesolite (C), rod shaped 
insulin crystals on cummingtonite (D). Scale bars represent 100 µm, except in figure D where it 
represents 500 µm. 
  
A B 
C D 
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Figure 2 (continued) Optical polarization microscopy images big talin crystal on heulandite 
with abnormal hexagonal morphology (E), talin crystal assembly on harmotome (F), big talin 
crystals on barrerite, with abnormal morphology (G), and talin crystal assembly on thomsonite 
(H). Scale bars represent 100 µm, except in figure D where it represents 500 µm. 
9.4 Conclusion 
Two possible new examples of epitaxial protein crystal growth have been 
reported out of the four model proteins that were crystallized. The proteins were 
crystallized on MgO and a random sample of 25 zeolite crystal templates with 
large lattice parameters to investigate their potential use as substrates in protein 
crystallization trials. Oriented insulin crystals could be observed on mesolite and 
rod-shaped insulin crystals were found on cummingtonite, which both indicate 
epitaxial crystal growth. In some cases the protein crystal morphology, number of 
crystals, and the size of the crystals was influenced by the substrate. There were 6 
examples (out of 100 experiments) of crystals with a deviating morphology, or 
possible epitaxial crystal growth, compared to 7 (out of 200 experiments) of such 
examples on substrates with small lattice parameters used for protein 
crystallization by McPherson and Shlichta. Although this is a slight improvement 
and indicates that the lattice parameters of a template could be of importance, it 
does not constitute the much coveted universal template for protein 
crystallization.  
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“… But science, if it is to flourish, must have no practical end in view. As a general 
rule, the knowledge and the methods which it creates only subserve practical ends 
indirectly and, in many cases, not till after the lapse of several generations. 
Neglect of science leads to a subsequent dearth of intellectual workers able, in 
virtue of their independent outlook and judgements, to blaze new trails for 
industry or adapt themselves to new situations. Where scientific enquiry is stunted 
the intellectual life of the nation dries up, which means the withering of many 
possibilities of future development. This is what we have to prevent. Now that the 
State has been weakened as a result of non-political causes, it is up to the 
economically stronger members of the community to come to the rescue directly, 
and prevent the decay of scientific life.“ 
 
The world as I see it 
Albert Einstein 
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Chapter 10 
Noble metal surface degradation induced by 
organothiols 
Summary 
Copper, silver and gold layers evaporated on the muscovite mica (001) surface 
were exposed to a series of molecules containing an organothiol and/or a 
carboxylic acid chemical functional group to investigate the potential of these 
compounds to modify the surfaces. The surfaces were investigated using optical 
microscopy, atomic force microscopy, scanning electron microscopy, energy 
dispersive analysis of X-rays, and X-ray diffraction. At the high concentrations of 
organothiols that were used, organothiols containing a carboxylic acid group were 
found to change the surface morphology drastically over a period of days, while 
molecules containing only one of these functional groups were usually not able to 
do so. The mechanism is most likely a reaction between the organothiol and the 
metal surface, forming a thermodynamically stable new compound. This finding 
could be of importance in the many applications where organothiols are used to 
functionalize noble metal surfaces. 
10.1 Introduction 
Organothiol self-assembled monolayers (SAMs) on solid gold substrates have 
been of great scientific interest since their discovery by Nuzzo and Allara in 1983 
[58]. Since then, it has been shown that silver and copper surfaces are equally 
suitable for the formation of SAMs of organothiols [267, 268]. Molecules 
containing a carboxylic acid functional group have also been reported to form 
stable monolayers onto the copper (110) surface [269, 270]. A problem with the 
organothiol-noble metal combination is the reported ability of organothiols to 
etch the noble metals [205, 271, 272]. But to the best of our knowledge it has not 
yet been investigated to what extent organothiols are able to corrode different 
noble metals and which chemical groups are important in this process.  
In this research we systematically investigate the stability of noble metal 
surfaces functionalized with different organothiols. The noble metal surfaces are 
exposed to a drop of pure organothiol and subsequently washed with 
dichloromethane. The treated surfaces were monitored for the duration of one 
month using a combination of techniques, i.e. atomic force microscopy, scanning 
electron microscopy and optical microscopy. The surfaces were also analysed with 
X-ray powder diffraction (PXRD) and energy dispersive analysis of X-rays (EDS) to 
investigate the surface constituents. The importance of the chemical terminal 
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group of the organothiol (e.g. carboxylic acid or methyl) and the chain length is 
also investigated. Three different lengths were selected for the alkyl chain: three, 
six, and eleven carbon atoms long. The reason for selecting molecules with 
different chain lengths is the reported chain length dependence on the ability of 
the molecules to protect the metal surfaces from (electro)chemical degradation 
[273]. The chemical functionality added to these hydrocarbon chains are a thiol 
group, a carboxylic acid group, or the combination of the two. The molecules that 
were used are shown in Figure 1. 
 
 
Figure 1 Chemical structures of the investigated molecules. 
10.2 Experimental  
10.2.1 Surface preparation 
Copper and silver were evaporated onto freshly cleaved muscovite mica using an 
e-beam evaporator at a rate of 1Å/s to obtain a 200 nm thick metal surface. Gold 
was evaporated in the same way to obtain a thickness of 50 nm. Silver was grown 
at 230⁰C, while the other surfaces were grown at room temperature. A noble 
metal surface texture with the crystallographic [111] direction perpendicular to 
the muscovite mica (001) surface was obtained in all cases. The surfaces 
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consisting of the same noble metal that were used for organothiol treatment 
were all grown in the same run, and then cut into smaller fragments. The metal 
surfaces were treated with the different molecules on the same day as the metal 
surface was prepared. 
A pure drop of the relevant liquid compound (approximately 20 μL) was 
deposited onto the noble metal surface and left there for 10 sec. In the case of 11-
mercaptohexanoic acid, which is a solid at room temperature, a 10-2M solution 
was prepared in dichloromethane (CHROMASOLV for HPLC ≥99.8% pure, obtained 
from Sigma Aldrich), and a drop from this solution was deposited on the surface, 
and left there for 10 seconds. The excess material was washed away with 
dichloromethane, by immersing the sample in approximately 15 mL of solvent for 
60 seconds, and repeating this procedure twice in fresh solvent.  
 
10.2.2 Surface observations 
The resulting surfaces were investigated with optical reflection microscopy. 
Atomic force microscopy (AFM) (Dimension 3100, Veeco) was performed in 
contact mode with CSG10 tips from NT-MDT. Scanning electron microscopy (SEM) 
was done on a Phenom SEM, model nr. 800-03103-02, images were captured at 
an acceleration voltage of 5kV (square images). EDS was performed on a SEM 
Philips XL-20, combined with a Noran system SIX. Images were captured at an 
acceleration voltage of 25 kV (rectangular images), and EDS spectra were 
recorded at 5 kV. Powder X-ray diffraction experiments were carried out on a 
Bruker D8 diffractometer using Cu-Kα1 radiation. All experiments were performed 
in triplicate. 
10.2.3 Materials 
Muscovite mica (quality grade ASTM-V1) was obtained from S&J Trading Inc. (Glen 
Oaks, NY, USA). 1-Propanethiol (99% purity), 3-mercapto-1-propionic acid (99% 
purity), 1-propionic acid (99% purity), 1-hexanethiol (95% purity), 6-mercapto-1-
hexanoic acid (90% purity), 1-hexanoic acid (99% purity), 1-undecanethiol (98% 
purity), and 11-mercapto-1-undecanoic acid (95% purity) were obtained from 
Sigma Aldrich and were used without further purification. 
10.3 Results and Discussion  
10.3.1 Surface Morphology 
Figure 2 shows AFM images of the different as-grown metal surfaces. The copper 
and gold surfaces are relatively flat showing numerous nanocrystals at the 
smallest scale (Figure 2B-C); both were grown at room temperature. The silver 
surface (Figure 2A) is only partially covered, which is known to occur for noble 
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metal surfaces grown on muscovite mica at higher temperatures [26, 29]. These 
surfaces were subsequently treated with a pure drop of the different compounds 
depicted in Figure 1, or a solution drop containing 11-mercapto-1-undecanoic acid 
in dichloromethane (conc. 10-2M) followed by washing in dichloromethane. 
 
 
Figure 2 AFM height images of silver (A), copper (B), and gold (C) deposited on muscovite 
mica. Note the different scales for the different images. 
 
Figures 3A-C depict optical microscopy images of an evaporated silver 
layer kept at ambient conditions for three weeks. Figures 3D-F show the same 
time evolution for a silver surface treated with 6-mercapto-1-hexanoic acid. As 
can be seen from these images the untreated silver surface remains stable, while 
the treated surface shows marked changes in morphology, with clusters of non-
transparent material and larger transparent patches emerging, indicating surface 
modification. The surface modification has finished its course after two weeks, 
and remains stable afterwards. The process of surface modification was also 
followed with the help of AFM (Figure 4), which shows the surface modification at 
a smaller length scale. The height of the features reaches up to approximately 350 
nm in these images. The same kind of surface modification was found to occur for 
3-mercapto-1-propionic acid. Both compounds clearly alter the morphology of all 
three of the investigated noble metal surfaces. This was also observed using SEM 
(Figure 5). In the case of 11-mercapto-1-undecanoic acid surface modification was 
found only on the silver surface, the copper and gold surfaces were not affected.  
In contrast, no alteration was found on any of the three metal surfaces upon 
application of the molecules containing only a thiol or a carboxylic acid functional 
group, with the exception of 1-propionic acid on copper, which shows a slight 
change in roughness.  The modification of the surfaces is not due to dissolved 
impurities in the thiol, because evaporation of a drop of pure 3-mercapto-1-
propionic acid on freshly cleaved muscovite mica, without washing in 
dichloromethane barely left solid remnants. 
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Figure 3 Optical microscopy images of a silver surface on the day of production (A), 2 days (B), 
and 21 days after production (C); a silver surface treated with 6-mercapto-1-hexanoic acid on 
the day of production (D), 2 days (E), and 21 days after production (F). The scale bar in each 
image represents 100 µm. 
 
Figure  4 AFM height images of a silver layer on muscovite mica, treated with 6-mercapto-1-
hexanoic acid, first measurement (A), after 7.5 hours (B), 22.5 hours (C), 37.5 hours (D), 52.5 
hours of scanning (E), cross section of E (F). 
 
   
   
E 
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Figure 5 SEM images of 6-mercapto-1-hexanoic acid treated copper (A), silver (B), and 3-
mercapto-1-propionic acid treated gold (C) surfaces, recorded when the surfaces were stable. 
Note the somewhat facetted structures in (C). 
  
The effects of 1-hexanethiol and 1-hexanoic acid on the surface 
morphology of gold are shown in Figures 6B and C, respectively. There is no clear 
difference between these two optical microscopy images and the gold reference 
depicted in Figure 6A, while the optical microscopy image of the gold surface 
treated with 6-mercapto-1-hexanoic acid shows clear dendrite-like spherulitic 
structures. Figure 7 shows the AFM height images of a copper surface treated 
with 1-propionic acid (Figure 7A), 1-propanethiol (Figure 7B), and 3-mercapto-1-
propionic acid (Figure 7C). Higher features are exclusively observed in the case of 
the surface treated with 3-mercapto-1-propionic acid.  
Table 1 summarizes the effects of the different molecules on the surface 
roughness of the three different noble metal surfaces (20 days after production). 
The surface roughness is an indication for the amount of surface modification by 
the different molecules.  
 
Table 1 Surface roughness of the different surfaces (Rrms in nm) , based on an AFM 
measurement of a 50 by 50 µm area; the silver surface was not treated with 1-undecanethiol. 
The number in brackets is the ratio with respect to the untreated surface, the coloured entries 
indicate the surfaces that have roughened by at least a factor of 3 with respect to the clean metal 
surface. 
Molecule Gold Silver Copper 
Clean metal surface 4.97  29.9 3.42 
1-Propionic acid 4.03 (0.8) 42.6 (1.4) 14 (4.1) 
1-Propanethiol 5 (1.0) 26.3 (0.9) 3.51 (1.0) 
3-mercapto-1-propionic acid 66.4 (13.4) 138 (4.6) 44.2 (12.9) 
1-Hexanoic acid 3.89 (0.8) 36 (1.2) 3.29 (1.0) 
1-Hexanethiol 7.93 (1.6) 28.2 (0.9) 2.05 (0.6) 
6-mercapto-1-hexanoic acid 106 (21.3) 215 (7.2) 115 (33.6) 
1-Undecanethiol 5.47 (1.1) - 4.87 (1.4) 
11-mercapto-1-undecanoic acid 8.37 (1.7) 140 (4.7) 3.06 (0.9) 
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Figure 6 Optical microscopy images of gold evaporated on mica (A), treated with 1-hexanethiol 
(B), 1-hexanoic acid (C), and 6-mercapto-1-hexanoic acid (D). Images are obtained 7 days after 
sample preparation. The scale bars represent 100 µm. AFM height image of gold evaporated on 
muscovite mica treated with 6-mercapto-1-hexanoic acid (E). 
  
 
 
Figure 7 AFM height images of copper deposited on muscovite mica, treated with 1-propionic 
acid (A), 1-propanethiol (B), and 3-mercapto-1-propionic acid (C). Note the difference in x, y, 
and height scales of the different images. The images were recorded when the surfaces were 
stable. 
From the experiments performed, it follows that the variation in 
molecular length of the two smaller chains (3 or 6 carbon atoms long) made little 
difference in surface modification. Both 3-mercapoto-1-propionic acid and 6-
mercapto-1-hexanoic acid very effectively change the surface morphology, while 
1- propionic acid, 1-hexanoic acid, 1-propanethiol, 1-hexanethiol, and 1-
undecanethiol are all ineffective. 11-Mercapto-1-undecanoic acid did not change 
the surface morphology of gold and copper, but did change the morphology of the 
silver surface. The surface topographic observations indicate that the original 
layer thickness of the organothiols after specimen preparation is several, or 
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several tens of nanometres. It is also possible that part of the liquid was in the 
pores between the metal grains, based on the relatively large volumes of the 
surface features formed after the two week period of stabilization. A multilayer of 
1-propanethiol on copper surfaces was also found by Keller et al. [274] for higher 
organothiol concentrations. At the end of the experiments a monolayer might 
well exist on the surface areas between the grown features. 
10.3.2 Powder X-ray diffraction  and energy dispersive spectroscopy 
Table 1 illustrates the fact that the surfaces of the three noble metals are most 
potently degraded when the molecule contains both a thiol and a carboxylic acid 
functional group, whereas the surface stays unaffected if the molecule contains 
only one of these functional groups. The modification of the noble metal surfaces 
can be explained in two ways:  1) reaction of the thiol-carboxylic acid compounds 
with or catalysed by the metal or 2) rearrangement of the metal atoms catalysed 
by the thiol-carboxylic acid compound. Aggregates of liquid organothiol can be 
excluded because features of the observed height would not be stable enough to 
measure with contact mode AFM. The available literature suggests a reaction of 
the metal with the organothiol to be most likely [274, 275]. An oxidation of 
copper was proposed by Keller et al. [274] to form Cu-SR and a disulfide RS-SR, 
where R is the alkyl tail (with functional group).  To find out which mechanism 
plays a role, powder X-ray diffraction and EDS using SEM were employed.  
Powder X-ray diffraction was used to investigate the composition of the 
surface features. Besides the expected peaks originating from the muscovite mica 
and metal surfaces, an extra diffraction peak was observed in the X-ray diffraction 
spectrum of the gold and silver surfaces treated with 6-mercapto-1-hexanoic acid 
(Figure 8 and supporting information SI-1). This gives an indication that a new 
solid, crystalline substance has formed. The d-spacing related to the peak position 
(2θ = 12.4 for the experiments on a Ag and Au) is 7.8 Å, which approximately 
corresponds to the length of the molecule. No extra peak was observed on the 
copper surface treated with 6-mercapto-1-hexanoic acid. An extra diffraction peak 
was also observed on the silver and copper surfaces treated with 3-mercapto-1-
propionic acid, but not on gold (supporting information SI-1). The d-spacing 
corresponding with the diffraction peak position (for both Ag and Cu) is 13.2 Å, 
which does not correspond to the molecular length. The 13.2 Å peak was also 
found by PXRD on silver nanopowder treated with pure 3-mercapto-1-propionic 
acid for 2-3 weeks. The peak positions were compared with known entries in the 
ICSD of molecules containing a thiol-functional group with any of the noble metal 
atoms, as well with related thiol dimers (which can be formed by oxidation 
processes [274, 276]), but no agreement was found.  
Some organothiols can precipitate (3-mercapto-1-propionic acid and 6-
mercapto-1-hexanoic acid in this instance) when they are in a solution containing 
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silver(I) or copper(II) ions [274]. The proposed mechanism by Keller et al. [274] is 
the oxidation of copper to Cu-SR and the formation of a disulfide RS-SR, where R 
is the alkyl tail (with functional group). Organothiols that contain a carboxylic acid 
group were found to precipitate readily in an aqueous solution containing Ag+ or 
Cu2+ ions compared to the other organothiols used in our study, which did not 
precipitate. The precipitated product of 3-mercapto-1-propionic acid and 6-
mercapto-1-hexanoic acid with Cu2+ and Ag+ in aqueous solutions was investigated 
using X-ray powder diffraction to find out if these products show a similar peak 
position as the products described in the previous paragraph. To this end aqueous 
solutions of CuCl2 or AgNO3 were mixed with each of both compounds (SI-2) and 
the filtered product was measured. The X-ray diffraction peak positions obtained 
from the treated surfaces, and from the precipitated products are summarized in 
Table 2.  
 
Figure 8 Powder X-ray diffraction patterns of a gold layer evaporated on muscovite mica 
untreated (green line), and treated with 6-mercapto-1-hexanoic acid (blue line). The extra peak 
is indicated by an arrow. 
 
The precipitate of aqueous solutions of CuSO4 and AgNO3 with 3-
mercapto-1-propionic acid and the treated metal surfaces (SI-1 and SI-2) showed 
a diffraction peak at approximately the same position (2θ = 6.7°, or d = 13 Å). This 
could indicate that the material on the surface is a product of a reaction of 3-
mercapto-1-propionic acid with the metal. The fact that the PXRD peak is 
measured at the same position for the same organothiol on the two different 
noble metal surfaces suggests that the compound that is formed differs only in 
the metal ion included. The was found for the 6-mercapto-1-hexanoic acid on gold 
and silver surfaces. However, the peak position of the material formed on the 
noble metal surfaces treated with 6-mercapto-1-hexanoic acid does not agree 
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with any of the peak positions of the precipitated metal salts, indicating a 
different crystal structure. The PXRD data are insufficient to solve the structure of 
the compounds.  
 
Table 2 X-ray diffraction peak positions obtained from the different materials precipitated 
from organothiols and copper and silver salts, and from the different treated surfaces 
Surface/Material X-ray diffraction peak positions (2θ) 
CuSO4 + 3-mercapto-1-propionic acid 6.58, 13.04, 19.28, 20.25, 20.68 
AgNO3 + 3-mercapto-1-propionic acid 6.76, 13.34, 20.02, 22.23, 26.69 
CuCl2 + 6-mercapto-1-hexanoic acid 4.11, 8.26, 12.37, 27.98, 30.44 
AgNO3 + 6-mercapto-1-hexanoic acid 4.03, 5.00, 6.34, 9.88, 21.43 
Au + 3-mercapto-1-propionic acid - 
Ag + 3-mercapto-1-propionic acid 6.71 
Cu + 3-mercapto-1-propionic acid 6.63 
Au + 6-mercapto-1-hexanoic acid 11.39 
Ag + 6-mercapto-1-hexanoic acid 11.37 
Cu + 6-mercapto-1-hexanoic acid - 
 
The three different noble metal surfaces treated with 3-mercapto-1-
propionic acid and 6-mercapto-1-hexanoic acid were also investigated with EDS. 
These measurements at 5 kV showed peaks at positions corresponding with 
carbon, oxygen, and sulphur, coming from the organothiol, the noble metal, and 
at higher acceleration voltages (25 kV) also peaks corresponding with the atomic 
constituents of muscovite mica were visible. Figure 9A shows the EDS spectrum of 
a growth feature on a 3-mercapto-1-propionic acid-treated silver surface 
measured at 5 kV.  
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Figure 9 EDS spectrum (5kV) of a growth feature on a 3-mercapto-1-propionic acid treated 
silver surface (A), and SEM micrograph (25 kV) of surface damage on copper treated with the 
same organothiol introduced by the electron beam; the middle part was irradiated, followed by 
imaging at a lower magnification (B). As the Ag peak may originate from the silver layer 
underneath the growth feature, the EDS measurement was repeated for a thicker growth layer 
on nanocrystalline silver powder treated with 3-mercapto-1-propionic acid. Again a Ag peak 
was observed. 
 
As no liquid layer was found on any sample using AFM, the observed 
features are solid, which also follows from the X-ray diffraction measurements. 
The surfaces were found to be damaged by the electron beam, which is to be 
expected when the compound consists of noble metal bonded to an organothiol 
(Figure 9B). In contrast, no surface damage would have been observed if a noble 
metal surface was measured. 
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10.3.3 Formation Process 
Based on the X-ray diffraction and EDS measurements, the cause of surface 
degradation is probably a metal complex formation of the liquid organothiols with 
the metal surface, forming a new solid compound.  It was already known that 
stable 2D interfacial crystals can form from a combination of a noble metal 
surface and a compound containing either a carboxylic acid, or thiol-functional 
group, which form covalent or ionic monolayers [269, 270, 277]. We have shown 
here that several of the investigated organothiol molecules can form 3D 
structures on noble metal surfaces over a period of days.  
The formation process of the noble metal organothiol compounds has a 
thermodynamic and a kinetic aspect. Thermodynamically speaking, the metal-
organic compound needs to be energetically favourable to form, which for a 3D 
structure apparently requires both a carboxylic acid and a thiol-functional group 
in the molecule.  The kinetic aspect in the formation of these 3D structures lies in 
the mobility of both the organothiol molecules and the metal atoms. The 
organothiol layer that has reacted with the noble metal surface needs to diffuse 
away towards and into larger 3D structures to make room for the remaining 
organothiol to react with the surface. The new crystalline compounds obtained 
are stable in their morphology when the reaction and the transport have 
completed. The 11-mercapto-1-undecanoic acid causes less damage to the 
surfaces than the other organothiols, because this material can form a more 
crystalline close packed monolayer at the noble metal surface, thereby protecting 
the surface from further reaction [273]. The smaller molecules containing 3 or 6 
carbon atoms provide less protection to the metal surface from further reaction 
with the remaining molecules on top of the organothiol (mono)layer, which is 
present at the surface. The reason that the process takes several days may be 
explained by the slow diffusive aspect of the process. It is not clear whether the 
metal-organic molecules diffuse while still being connected to the metal surface 
or move along the adsorbed metal-thiol monolayer. We have not been able to 
identify the structure of the formed compounds, but compounds of a similar 
nature are known: noble metal complexes, bonded to molecules via thiol and 
carboxylic acid groups [278-280] (tetrakis(diisopropylammonium) tetrakis(m2-3-
(2-chlorophenyl)-2-sulfanylpropenoato)-tetra-silver(i), bis(m4-5,11,17,23-Tetra-t-
butyl-2,8,14,20-tetrathiacalix(4)arene-25,26,27,28-tetraolato)-tetra-copper(ii) 
dichloromethane clathrate dichloromethane solvate, and bis(2-Thio-oxamato-
5,O)-copper(ii) hydrate, respectively). 
Fonder et al. [275] showed that the optimal organothiol concentration for 
monolayer formation and reducing the metal oxide film on copper was lower than 
10-1M, and Keller et al. [274] showed that at this concentration the layer thickness 
of 1-propanethiol is 25.3 nm. The layer thickness of the organothiol depends on 
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the concentration as was shown by Keller et al. [274], and levels off at higher 
concentrations (10-2-10-1 M). Several nanometres of material remain at the 
surface using pure thiol, which accounts for the amount of reacted material that 
can be observed on the noble metal surfaces.   
 An optimal packing density of an organothiol monolayer is achieved at an 
organothiol concentration of around 10-1M for dodecanethiol according to Fonder 
et al. [275]. This inevitably leads to the presence of organothiol material at the 
surface in excess of a monolayer [274], and the formation of 3D features in the 
case of organothiols containing a carboxylic acid group. Therefore, these 
compounds can best be avoided in coating applications. 
10.4 Conclusion 
A systematic investigation was undertaken into the stability of functionalized 
noble metal (Cu, Ag, and Au) surfaces with a thin layer of different organothiols 
and carboxylic acids. Thin layers of 3-mercapto-1-propionic acid and 6-mercapto-
1-hexanoic acid were found to change the surface morphology of copper, silver, 
and gold surfaces to a large extent over a period of days. The molecules that have 
the same carbon backbone but contain only the thiol or the carboxylic acid 
chemical functional group did not show these effects upon their adsorption to the 
surfaces. 11-Mercapto-1-undecanoic acid only affected the surface morphology of 
one noble metal surface, which can be attributed to the better crystallinity of the 
monolayer in contact with the surface, thereby not allowing further molecules to 
react with the metal surface [273].From the EDS and PXRD measurements it can 
be concluded that a solid 3D crystalline material has been formed through a 
complex formation of the noble metal surfaces with the organothiols. The 
requirement for this is thermodynamic in nature, i.e. the formation of the 
compound needs to be energetically favourable, as well as kinetic, i.e. the metal 
organothiol complex needs to be mobile. The molecules containing both a thiol-
functional group and a carboxylic acid functional group, which are liquids at room 
temperature, in combination with any noble metal surface, were found to satisfy 
these conditions. 
 In conclusion, several organothiols were found to have a large effect on 
the noble metal surface morphology, which can have implications for the stability 
in some of their applications, e.g. organothiols with a carboxylic acid functional 
group have been used as a coating for electrodes [281], coating for biosensors 
[282], as a stabilizer of Au and Ag nanoparticles [283, 284], and for self-assembled 
monolayers [285]. The effect will be less pronounced if the concentration of the 
applied organothiol is lower than approximately 10-3M, but this would also result 
in a monolayer with low crystallinity [275]. 
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“Het leven zit vol anderen,  
dus je kan maar beter jezelf zijn.” 
 
Wester de Poel  
149 
 
Chapter 11 
Metalorganic Chemical Vapour Deposition of AlN and 
GaN on Muscovite Mica 
Summary 
A feasibility study was carried out for GaN and AlN growth on muscovite mica 
using metalorganic chemical vapour deposition. To avoid substrate degradation, 
low growing temperatures up to 525⁰C were used. Both GaN and AlN deposition 
was achieved at these low temperatures but no epitaxial growth was observed. 
The AlN layer changed in morphology over several days, as a result of its reaction 
with water from the ambient air and/or by stress/strain.  
 
11.1 Introduction 
Aluminium nitride (AlN) and gallium nitride (GaN) are interesting materials 
because of their band structure and thermal stability. The direct bandgaps of 
these and related materials make them suitable for use in optoelectronic devices 
such as LEDs and laser diodes, but there are many more applications and possible 
applications for these materials [286-288]. Numerous substrates have been 
considered for the epitaxial growth of GaN. Non-polar GaN was first grown on r-
plane sapphire by Sasaki et al. in 1987 [289]. C-plane sapphire is the most 
commonly used substrate for GaN growth, but also a-plane silicon carbide 
(SiC)[290], {302} γ-LiAlO2 [291], {100} γ-LiAlO2 [292], m-plane SiC [293], m-plane 
sapphire [294], MgAl2O4 [295] and silicon [296] have been used. However, flexible 
electronic devices may require the direct growth of  AlN or GaN on a flexible 
substrate. None of the mentioned materials provide this flexibility, and therefore 
Matsuki et al. [297] proposed to use muscovite mica (a = 0.51906 nm, b = 0.9008 
nm, c = 2.0047 nm, α = γ = 90°, β = 95.757°, space group C 2/c, chemical formula 
KAl2(Si3Al)O10(OH)2 (Figure 1)), which is an excellent candidate substrate because it 
is atomically flat over large areas [173] and flexible when cleaved to several tens 
of micrometres in thickness. Yamada et al. [298] used pulsed laser deposition for 
the growth of GaN on muscovite mica. Matsuki et al. determined the epitaxial 
relationship between muscovite mica and GaN [297]. 
In this study we investigate the growth of AlN, GaN, and GaN on a 
nucleation layer of AlN on muscovite mica using metalorganic chemical vapour 
deposition (MOCVD). We choose this technique because faster growth rates and 
higher layer quality are possible than with molecular beam epitaxy (MBE), which 
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was used by Matsuki et al. and Yamada et al. The resulting surfaces were 
characterized with the help of atomic force microscopy (AFM). 
 
 
Figure 1 Ball and stick model of the atomic structure of muscovite mica. Cleaving occurs along 
a potassium layer, resulting in a flat surface with half a monolayer of potassium atoms. 
11.2 Experimental 
The GaN and AlN layers were deposited on a freshly cleaved muscovite mica (001) 
surface (grade ASTM-V1, obtained from S&J Trading Inc., Glen Oaks, NY, USA) 
using MOCVD using an RF heated, AIXTRON AIX-200 low-pressure horizontal 
reactor [299]. Trimethylgallium, trimethylaluminium and ammonia were used as 
Ga, Al and N precursors, respectively. H2 was used as a carrier gas. 
Samples were heated under H2 atmosphere, the subsequent growth was 
performed at a total reactor pressure of 35 mbar and no nitridation step or low 
temperature nucleation layer was used. Depending on the growth temperature, a 
NH3 flow between 0.5 and 2.0 standard liters per minute was applied in 
combination with a TMGa or TMAl flow rate of about 20 mol/min.   
AFM (Dimension 3100) was applied in contact mode (constant force 
combined with friction mode) and tapping mode using CSG10 and NSG10 golden 
silicon probes from NT-MDT, respectively. 
 
11.3 Results and Discussion 
GaN and AlN are hexagonal, where muscovite mica is pseudo-hexagonal. The 
lattice mismatch for the two systems is calculated from the expression:  
𝑓 =
𝑎𝑚𝑖𝑐𝑎 − 𝑎𝑋𝑁
𝑎𝑋𝑁
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where X=Ga or Al, and 𝑎 the lattice constant. The following lattice transformations 
are required to show that the materials, which have very different lattice 
constants, fit well on top of each other. The monoclinic muscovite mica lattice is 
transformed to a pseudo-hexagonal setting with ?⃗⃗?ℎ𝑒𝑥 = ?⃗⃗?𝑚𝑜𝑛 , ?⃗⃗?ℎ𝑒𝑥 = (?⃗⃗?𝑚𝑜𝑛 −
?⃗⃗?𝑚𝑜𝑛)/2 and ?⃗⃗?ℎ𝑒𝑥 = ?⃗⃗?𝑚𝑜𝑛 , and the following axis transformation of AlN and GaN 
is used: ?⃗⃗?𝑋𝑁,𝑡𝑟𝑎𝑛𝑠 = 2?⃗⃗?𝑋𝑁 − ?⃗⃗?𝑋𝑁, ?⃗⃗?𝑋𝑁,𝑡𝑟𝑎𝑛𝑠 = ?⃗⃗?𝑋𝑁 − ?⃗⃗?𝑋𝑁 , where |𝒂𝑋𝑁,𝑡𝑟𝑎𝑛𝑠| =
|𝒂𝑋𝑁| ∙ √3  . The lattice mismatch for AlN on muscovite mica was calculated to be 
-3.7%, while for GaN on muscovite mica it is -5.2%. Therefore, the √3 unit cell of 
GaN fits well onto muscovite mica. Whereas Yamada et al. predicted that the 
materials would not fit, based on their calculated mismatch of 60% [298] (a result 
from choosing 𝑎𝐺𝑎𝑁 = 3.16Å and 𝑎𝑚𝑖𝑐𝑎 = 5.19Å, and calculating the mismatch), 
Matsuki et al. calculated a lattice mismatch of 6 and 43% along the [100] and 
[010] muscovite mica directions, respectively (resulting from choosing 𝑎𝐺𝑎𝑁 =
5.47Å (2𝑎𝐺𝑎𝑁𝑅30) and 𝑎𝑚𝑖𝑐𝑎 = 5.19Å, and 𝑏𝐺𝑎𝑁 = 6.34Å (2𝑎𝐺𝑎𝑁)and 
𝑏𝑚𝑖𝑐𝑎 = 9.00Å, respectively)  . Our values are within the range where epitaxy is 
believed to be possible [13] and help to explain why heteroepitaxial GaN growth 
was observed by Matsuki et al. [297].  
GaN growth by MOCVD normally occurs at 1170°C, however, we found 
that muscovite mica became warped at these temperatures. Therefore, lower 
temperatures were chosen for the growth of GaN and AlN, i.e.  525°C, 400°C and 
250°C. The GaN growth was done for 5 min., except for the growth at 250°C, 
which lasted 15 min., as it was expected that less material would deposit at this 
temperature. The resulting surfaces were imaged directly after growth with the 
help of AFM (Figure 2). 
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Figure 2 (A) Tapping mode AFM height (left) and phase (right) images and (B&C) Contact 
mode AFM height (top) and friction (bottom) images of GaN grown on muscovite mica at (A) 
525°C for 5 min., (B) 400°C for 5 min., and (C) 250°C for 15 min. 
 
Freshly cleaved muscovite mica is flat and featureless [173], while Figure 2 
shows islands and other features, indicating that GaN was deposited on muscovite 
mica at each of the chosen temperatures. However, much more material was 
A 
B 
C 
153 
 
deposited at 525°C, as can be deduced from the height of the features, which 
reaches 300 nm. The heights of the features in Figure 2A and 2B also indicate that 
the growth does not occur in a layer-by-layer fashion. A much smaller amount of 
material is deposited at 250°C, which can be explained by the fact that NH3 does 
not decompose well at this temperature. In this case, the friction image clearly 
shows a different friction force for the islands than for the underlying material, 
indicating that the islands consist of material with different physical properties, 
most likely GaN. The height of these patches could not be measured as it falls 
within the noise level (less than 0.4 nm). The features in Figure 2B are up to 150 
nm in height. There is a clear difference in morphology between the material 
grown at 525⁰C and the lower temperatures. The material grown at 525⁰C has a 
spherical morphology, while the material that was grown at lower temperatures 
has a better defined structure, with a more uniform height within each feature. 
Neither of the two growth behaviours, however, is ideal to obtain a perfectly flat 
layer for use in applications. 
The roughness of the GaN layers shows that this material wets the 
muscovite mica surface badly. The particle size of the GaN material in Figure 2A  
was measured to be 170 ± 30 nm in height and 390 ± 100 nm in diameter. We 
tested whether AlN would grow into a more flat homogenous layer. The AlN layer 
was grown at 400°C for 30 min., which proved to be a good condition, and the 
surface morphology was followed over time with AFM to ensure its stability under 
ambient conditions, which is important in view of applications. The AFM image in 
Figure 3A shows a granular homogeneous surface of the AlN layer with a grain size 
of around 100 nm. The surface was measured using AFM directly after growth, as 
well as 5 days and 12 days after growth (Figure 3). 
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Figure 3 Contact mode AFM height images of AlN on muscovite mica grown at 400°C for 30 
min. (A) Measured on the day of growth, (B) measured 5 days and (C) 12 days after growth. 
 
The changes in surface structure observed in the AFM images after 5 and 
12 days (Figures 3B and C, respectively) was unexpected, as AlN is known to be 
very stable. There can be several reasons for the instability of the layer: the film 
reduces stress/strain by reordering, the AlN has partly reacted with water from 
the ambient air to Al(OH)3, or a combination of the two. The reaction of AlN 
powder to Al(OH)3 has been reported in several papers [300-302]. The possibility 
that an evaporated metallic aluminium layer has formed, which oxidises and 
deforms over time, can be excluded, because  such a surface was also grown and 
found to have a stable morphology (Supplementary Information SI-1). 
All available AlN seems to aggregate over a couple of days into patches up to 60 
nm high after 5 days, and up to 50 nm high after 12 days. The reorganization of 
AlN obviously makes this material unsuitable in view of applications, at least when 
it is the only constituent and in direct contact with the air. To the best of our 
knowledge, AlN layer degradation over the course of time has not been reported 
before. 
A B 
C 
155 
 
A freshly constructed AlN layer can be used as a nucleation layer for GaN 
growth despite its instability, in order to produce a surface that provides a better 
wettability for GaN growth, while keeping the flat and flexible muscovite mica 
substrate. The GaN grown on top might increase the overall stability of the 
underlying layer of AlN. A control experiment was performed to make sure the 
extra time in the reactor had no effect on the AlN layer. An AlN layer was exposed 
to H2 gas for 30 min. at 400°C. AFM measurement showed the same result as for 
an AlN nucleation layer which was not treated with H2 gas (Supplementary 
Information SI-2). H2 can act as an etchant, which we found to be the case for 
bare muscovite mica. Therefore, the AlN layer protects the muscovite mica from 
being etched by hydrogen. 
A GaN growth step was performed for 30 min. at 400°C on top of a freshly 
constructed AlN nucleation layer. With AFM the same morphology as the sample 
containing only AlN was observed (Supplementary Information SI-3). No patches 
comparable to the ones depicted in Figure 2B were observed, which probably 
means that the wetting of GaN on AlN is better than on muscovite mica. However, 
a similar reorganization of the layer was observed after exposure to ambient air 
for several days, indicating that the GaN layer has no significant effect on the 
stability of the AlN layer underneath, or GaN is absent.  
No crystal facets were observed with AFM, and powder X-ray diffraction did not 
yield any peaks except the ones from the substrate. Therefore, no epitaxial 
relationship could be derived for either GaN or AlN. Overall, this research shows 
that it is difficult to grow GaN and stable AlN on muscovite mica, which makes it a 
less suitable substrate for application in flexible devices. 
11.5 Conclusion 
GaN and AlN were successfully deposited on muscovite mica using MOCVD at low 
temperatures. The largest amount of GaN was deposited at a temperature of 
525°C. No surface filling layer-by-layer growth occurred at any of the investigated 
temperatures for either material. The wetting of GaN on the surface of muscovite 
mica is poor, resulting in aggregated material. The AlN deposition provided a 
granular homogenous surface, which over time reorganizes into islands. This can 
be due to the instability of the layer because of stress/strain and/or the material 
reacts with water from the ambient air. The GaN layer combined with the AlN 
nucleation layer also reorganized into clusters.  
We have shown that it is possible to grow GaN and AlN using MOCVD at relatively 
low temperatures, but higher temperatures are probably required for layer-by-
layer growth. Higher temperatures, however, cause problems with muscovite 
mica. Optimizing the growth conditions may lead to an effective way to grow 
epitaxial GaN and related structures on muscovite mica using MOCVD. However, 
considering the poor wetting of GaN on muscovite mica and the difficulty in 
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obtaining epitaxial layers, either through MOCVD or pulsed laser deposition, it is 
advisable turn the attention to different substrates when applications such as 
flexible electronic devices are pursued. 
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Chapter 12 
Outlook 
In this chapter some interesting possibilities for further research will be discussed. 
Many possible ways exist to create a periodic network, and four years only allows 
for the investigation of a few of these. Due to the limitations of self-assembled 
monolayers described in the introduction, it is probably wise to avoid SAMs and 
focus on covalent organic frameworks (COF), metal-organic frameworks (MOF), 
2D-polymers, or other candidates for templates.  
It is not surprising that many water-stable MOFs exist, considering the 
fact that over 20.000 MOFs have been reported [82, 303, 304]. These water-stable 
MOFs could be used as a template for the crystallization of proteins and other 
macromolecules. Three dimensional MOF crystals of suitable size are needed to 
investigate a possible epitaxial relationship. Using the Cambridge crystallographic 
database as a selection tool, it is possible to find candidates with suitable 
properties, and form large enough crystals.  Several simple experimental 
procedures can be found to synthesize MOF structures [305-307]. By varying the 
metal and ligands using such a procedure, a large range of MOFs can be 
synthesized with different crystal symmetry, lattice parameters, and chemical 
functionality. Therefore, this may be a very interesting research direction. 
At the time of writing (2016) there are three known 2D-polymers [91, 96, 
236], that could also be suitable templates for protein crystallization. The ability 
to change the building blocks of these systems, add chemical functionality to tune 
the interaction of the polymer with the protein can be beneficial. Especially 
promising is the system comprising of covalently bonded protein molecules [236], 
as these provide suitable interactions to other similar proteins, and have 
comparable lattice parameters. 
A different route to protein crystallization on other protein assemblies is 
crystallizing on top of an existing protein crystal [308]. A forseeable problem is the 
fact that the protein crystal will dissolve into the protein crystallization mixture. A 
possible solution to resolve this, is by means of chemically cross-linking the seed 
protein crystal. This is usually done to protect the crystal from X-ray damage 
and/or keep it stable for long time periods. A large amount of chemical cross-
linkers have been developed to couple a variety of two (different) chemical 
groups  of protein molecules together [309, 310]. It has already been shown that 
lysozyme can be grown on top of a cross-linked lysozyme crystal [311]. The cross-
linking needed to be performed for a specific time, not too long or too short, for 
this to work, but when the optimum was found, the lysozyme epitaxially grew 
onto the seed crystal. It would be interesting to see if this would also work for 
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hetero systems, where a different protein is crystallized on top of a cross-linked 
lysozyme seed crystal. 
Finally, colloidal systems can be considered as substrates for protein 
crystallization. Colloids are nano- or micrometer-sized particles that can be self-
assembled into complex structures. The self-assembly is directed, for example, by 
shape anisotropy [312], or patchy particles [313]. Charged colloids have been 
developed [314], and incredibly complex structures can be obtained using DNA 
bricks [315].  A wide range of particle sizes allows for a variety of applications, 
such as photonic crystals [316], but assemblies of smaller constituents may 
potentially be used for the crystallization of macromolecules such as proteins. 
Water-stable colloidal assemblies exist  [317], meeting a major requirement to 
serve as templates for protein crystallization. Colloidal systems can be tuned in 
chemical functionality, lattice parameters, and symmetry, encompassing all the 
further requirements for a suitable template in protein crystallization. 
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Summary 
The goal of the research described in this thesis was to find a suitable substrate 
for protein crystallization in order to improve crystal size, the number of crystals, 
crystal quality, and nucleation speed. There are approximately 20.000 different 
protein molecules in the human body alone, all with a different function. Only a 
part of these have been crystallized so far. Protein crystals can be used to  derive 
the structure using X-ray diffraction if the crystals are of sufficient size and quality. 
The structure can be used to derive the function of the protein, and provides 
insight into the working of the human body at the molecular level. This 
understanding could be of use in the development of drugs to treat diseases such 
as Alzheimer.  
 A substrate can be of use to crystallize proteins that would not crystallize 
otherwise. Muscovite mica was used as the basis of such a substrate because it is 
flat over large areas (chapter 2). The first approach to create a network of 
molecules on muscovite mica to create an ordered template with lattice sizes 
approaching protein crystal lattice size dimensions was using crown-ethers 
(chapter 4). These molecules can specifically bind to metal ions on the muscovite 
mica surface, thereby stabilizing the layer. Unfortunately this molecular layer was 
not stable under protein crystallization conditions, and therefore unsuitable in 
view of this application. 
 The surface of muscovite mica can be functionalized in other ways. The 
roughness can be tuned by evaporating a molecule onto the surface (chapter 6), 
and the surface metal ions can be exchanged (chapter 3). Furthermore, the 
chemical functionality can be tuned by applying a thin molecular layer of 
organothiols (chapter 5), and the periodicity can be tuned by applying a thin 
polymer layer (chapter 9). These thin layers were investigated using surface 
sensitive techniques (AFM, SXRD, and XPS). The influence of functionalization on 
the crystallization behavior of proteins was investigated (chapters 6-9). 
 The substrates with varying degrees of roughness can have an effect on 
the protein crystallization outcome. A rough surface is more difficult to clean, 
because dirt can adhere better to the surface. In a similar way, protein molecules 
can attach to a rougher surface in a way that influences the crystallization. This 
was found to be the case. The protein lysozyme (from the chicken) formed fewer 
crystals on the rougher surfaces, while insulin (from the cow) formed more 
crystals on this surface (chapter 6). 
 The substrate was also functionalized with different chemical compounds, 
to provide a varying chemical interactions with protein molecules, which can have 
an effect on protein crystallization. This situation can be compared to a drop of 
water on a greasy and clean table surface. The shape of the drop is different on 
both surfaces, due to the chemical interactions between the surface and water. 
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The chemistry of surfaces can influence the outcome of protein crystallization 
experiments in a similar way. The chemical functionalization of muscovite mica 
can be achieved by applying a thin layer of thiols on the surface (chapter 5). The 
chemical functionality of the surface was found to be of influence on protein 
crystallization. The protein albumin (from the cow) preferred to crystallize on 
surfaces containing an alcohol group, while it did not crystallize on well on 
surfaces containing a carboxylic acid group. The protein lysozyme crystallized well 
on the surfaces containing a carboxylic acid group, and slower on surfaces 
containing an alcohol group (chapter 7). 
 A third parameter that was investigated was the symmetry and periodicity 
of the substrate. Proteins are large molecules, so a surface with periodicity over 
similar distances could be beneficial to order molecules and ease crystallization. 
This situation can be compared to Lego blocks, which can be easily put on a 
surface which has the same distance between the pins on the Lego. Furthermore, 
the Lego blocks are confined to a few fitting orientations. Thus, the surface forces 
the Lego blocks in to assemble is a certain way and protein molecules can be 
ordered in a similar way using a substrate. This was investigated using a network 
consisting of a polymer (chapter 8), and with natural crystals (zeolites, chapter 9), 
both with a relatively large periodicity (nanometers). A couple of nice examples 
were found where the substrate had an effect on the protein crystallization, for 
example the protein talin crystallized well on heulandite (a zeolite, chapter 9) 
giving much larger crystals than usual. The most interesting result were ordered 
insulin crystals on the polymer network (chapter 8). 
 The three investigated parameters (roughness, chemical functionality, and 
periodicity) also provided many examples where a change in the investigated 
parameter did not significantly change the crystallization outcome. The proteins 
talin and albumin crystallized equally well on surfaces with varying roughness, the 
chemical functionality of a surface did not influence the crystallization of talin, 
and in many cases zeolites did also not affect the protein crystallization outcome. 
 There were a few diversions during this research period, and in two cases 
this has led to a chapter. The growth of gallium nitride on muscovite mica was 
investigated (chapter 11). Papers reported the ordered (epitaxial) crystal growth 
of this material on muscovite mica. If a method could be found to grow large 
epitaxial crystals on muscovite mica, this would probably lead to applications, as 
gallium nitride is used in many devices. Unfortunately no optimal growth 
conditions were found, further study is required. 
 A different diversion led to chapter 10, which is about the reaction of 
noble metals with organothiol molecules. Originally, thiol molecules were 
intended to functionalize noble metal surfaces to study the effect of these layers 
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on protein crystallization. When the noble metal surface reacted with the thiols, 
this was investigated further and resulted in a chapter 10. 
 The summary given above leads to the conclusion that most likely no 
universal template for protein crystallization exists. Therefore, in the attempt to 
crystallize a new protein molecule, surfaces with varying roughness, chemical 
functionality, symmetry, and periodicity should be used. 
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Samenvatting 
Het doel van het onderzoek beschreven in dit proefschrift was het vinden van een 
geschikte ondergrond voor eiwitkristallisatie, zodat de kristallen groter worden, 
perfecter zijn, veelvuldiger voorkomen, en/of sneller ontstaan. Er zijn ongeveer 
20.000 verschillende eiwitmoleculen in het menselijk lichaam, die allemaal een 
functie vervullen. Slechts een deel hiervan is tot dusver gekristalliseerd. Via die 
kristallen kan de opbouw van het eiwit worden bepaald met behulp van 
röntgentechnieken, mits het kristal groot genoeg is en van voldoende kwaliteit. 
Uit de opbouw kan worden bepaald wat voor functie het eiwit vervult en 
zodoende leren we hoe het menselijk lichaam werkt op moleculair niveau. Dat 
begrip zou ons in staat kunnen stellen om de werking van ziektes te begrijpen, 
zoals Alzheimer en daarvoor medicatie te ontwikkelen. 
Om eiwitten te kristalliseren, die dat niet gemakkelijk doen en dus alsnog 
gekristalliseerd moeten worden, zou een ondergrond kunnen helpen. Om dat te 
kunnen doen is muscoviet mica gebruikt, omdat dit kristal atomair vlak is over 
grote afstanden (millimeters, zie hoofdstuk 2). De eerste insteek voor dit 
onderzoek was om een geordende laag te maken van kroonether moleculen op 
muscoviet mica (hoofdstuk 4). Deze moleculen hebben een specifieke interactie 
met een metaalatoom aan het oppervlak van muscoviet mica, wat een 
stabiliserende werking heeft. De moleculaire laag bleek echter niet stabiel bij 
eiwit kristallisatie omstandigheden en is daarvoor dus ongeschikt. 
 Het oppervlak van muscoviet mica kan nog op andere manieren worden 
gefunctionaliseerd. Zo kan gemakkelijk de ruwheid aangepast worden  (hoofdstuk 
6) en kunnen de metaalionen aan het oppervlak uitgewisseld worden (hoofdstuk 
3). Ook kan de chemische samenstelling worden aangepast door een dunne laag 
van thiol moleculen aan te brengen (hoofdstuk 5) en de periodiciteit kan ook 
worden aangepast  door een dunne polymeerlaag aan te brengen (hoofdstuk 9), 
dit zijn zogenaamde zelf-organiserende monolagen. Deze dunne lagen zijn 
onderzocht met verschillende oppervlakte gevoelige technieken (AFM, SXRD, 
XPS). Met deze laagjes kan de invloed die de ondergronden op de 
eiwitkristallisatie hebben worden onderzocht op een aantal verschillende 
gebieden (hoofdstukken 6 tot 9). 
De ondergrond kan verschillende gradaties van ruwheid hebben en dat 
kan haar uitwerking hebben op de kristalgroei. Een ruw oppervlak is bijvoorbeeld 
minder makkelijk schoon te maken, doordat vuil zich aan meer oppervlak kan 
hechten en bovendien moeilijker toegankelijk is. Eiwitmoleculen zouden zich op 
soortgelijke wijze makkelijker aan een dergelijk oppervlak kunnen hechten, wat 
een effect kan hebben op de kristallisatie. Dit bleek inderdaad het geval te zijn. 
Het eiwit lysozym (uit het kippenei) vormde minder kristallen op de ruwste 
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oppervlakken, terwijl het eiwit insuline (afkomstig van de koe) juist meer kristallen 
vormde op het ruwste oppervlak (hoofdstuk 6). 
De ondergrond kan ook verschillende chemische groepen bevatten aan 
het oppervlak, wat kan leiden tot verschillende chemische interacties met een 
eiwitmolecuul, wat om hun beurt een uitwerking kan hebben op de kristallisatie. 
Dit is te vergelijken met een druppel water op een vet en een schoon 
tafeloppervlak. De vorm van de druppel is anders door de verschillende 
chemische interacties tussen het oppervlak en het water. De chemie van het 
oppervlak kan ook tot interacties met eiwitten leiden die kristallisatie in de hand 
kunnen werken. De chemische groepen kunnen aan het oppervlak bevestigd 
worden door verschillende moleculaire laagjes aan te brengen op het oppervlak 
(hoofdstuk 5). Het bleek inderdaad dat de chemische groepen aan het oppervlak 
van belang waren voor de kristallisatie van eiwitten. Het eiwit albumine 
(afkomstig van de koe) kristalliseerde graag op een oppervlak dat een 
alcoholgroep bevatte, terwijl het juist niet op een oppervlak met een 
carbonzuurgroep kristalliseerde. Het eiwit lysozym kristalliseerde juist snel op het 
oppervlak met een carbonzuurgroep en langzamer op het alcoholgroep 
bevattende oppervlak (hoofdstuk 7). 
Als derde is onderzocht of de symmetrie en periodiciteit van het 
oppervlak invloed had op de kristallisatie. Eiwitten zijn grote moleculen, een 
oppervlak met periodiciteit over lange afstanden zou daarom kunnen helpen om 
de moleculen te ordenen en de kristallisatie te helpen. Dit is te vergelijken met 
een legosteen die gemakkelijk past op een ondergrond die dezelfde grootte heeft 
wat betreft de afstand van de puntjes. Bovendien leidt dit tot een beperkte 
hoeveelheid passende oriëntaties. Zodoende zorgt de ondergrond voor 
geordende oriëntaties van de legostenen en zo zou een oppervlak ook kunnen 
zorgen dat eiwit moleculen zich ordenen. Of dit het geval was werd onderzocht 
door naar eiwitkristallisatie te kijken op een netwerk van een polymeer 
(hoofdstuk 8) en op kristallen (natuurlijke zeolieten) met een periodiciteit over 
lange afstanden (nanometer(s), hoofdstuk 9). Er zijn mooie voorbeelden 
gevonden van grotere lysozym kristallen op een polymeer netwerk aangebracht 
op mica en ook van grotere kristallen op de zeolieten, bijvoorbeeld van het eiwit 
talin op heulandiet (een zeoliet, hoofdstuk 9). Het meest aansprekende resultaat 
was de georiënteerde groei van insuline kristallen op het polymeernetwerk 
(hoofdstuk 8). 
Maar in al de drie categorieën (ruwheid, chemische functionaliteit en 
periodiciteit, hoofdstukken 6 tot 9) waren er ook voorbeelden waarbij het type 
ondergrond niets uitmaakte voor de eiwitkristallisatie. De eiwitten talin en 
albumine kristalliseerden even goed op oppervlakken met variërende ruwheid, de 
chemische functionaliteit had geen invloed op de kristallisatie van talin, en er zijn 
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ook tal van voorbeelden waarbij een zeoliet geen effect had op de kristallisatie 
van de verschillende eiwitten. 
Er waren ook nog een aantal zijwegen van dit onderzoek, waarvan twee 
tot een hoofdstuk hebben geleid. Er is gekeken naar de kristalgroei van gallium 
nitride om muscoviet mica (hoofdstuk 11). Andere onderzoekers observeerden 
geordend kristallen (epitaxiaal) op mica. Als grote kristallen epitaxiaal gegroeid 
zouden kunnen worden, zou dat ongetwijfeld tot een toepassing hebben geleid, 
aangezien gallium nitride heel veel gebruikt wordt. Helaas zijn er geen optimale 
omstandigheden gevonden om een groot kristal te groeien. 
De andere zijweg die tot hoofdstuk 10 heeft geleid gaat over de reactie 
van thiol moleculen met edelmetalen. Oorspronkelijk was de bedoeling om ook 
dunne laagjes thiol aan te brengen op zilver, om zo een gefunctionaliseerd 
oppervlak te krijgen voor eiwit kristalgroei. Maar toen bleek dat deze 
oppervlakken reageerden met de thiolen is dit verder onderzocht.  
De bovenstaande beknopte voorbeelden leiden tot de volgende conclusie: 
er is waarschijnlijk geen algemeen bruikbare ondergrond die een positieve 
uitwerking heeft op de kristallisatie van elk eiwitmolecuul. Probeert men dus een 
eiwit te kristalliseren, dan moeten oppervlakken worden geprobeerd die variëren 
in zowel ruwheid, als chemische functionaliteit, als in periodiciteit. 
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Dankwoord 
Het dankwoord is enigszins gedateerd, omdat er wat tijd zat tussen het schrijven 
(2015) en de daadwerkelijke promotie. Dus niet iedereen waar ik nu mee werk 
komt er in voor. 
Allereerst wil ik iedereen bedanken die zijn of haar leven aan de wetenschap heeft 
gewijd en in de academische wereld zit. Het kan psychologisch niet makkelijk zijn 
om telkens promovendi te verliezen na ze vier jaar (als het goed is) te hebben 
leren kennen, en studenten nog sneller. Dat jullie er desondanks voor hebben 
gekozen om de toekomstige generaties op te leiden, en in een zeer competitieve 
wereld te werken, die bovendien onderhevig is aan politieke grillen, is een vorm 
van zelfkastijding, maar ook prijzenswaardig. Hulde. 
Met schrijven van het dankwoord komt ook de realisatie dat het er op zit, 
wat mij overspoelt met een gevoel van melancholie. Ik heb erg genoten van mijn 
tijd bij Vaste Stof Chemie, Moleculaire Materialen, en Scanning Probe 
Microscopie. Dat is natuurlijk te danken aan alle leuke mensen die daar werken en 
gewerkt hebben. Dus om iedereen persoonlijk de revue te laten passeren, in 
willekeurige volgorde, maar toch maar eerst mijn promotoren; 
Elias Vlieg, bedankt voor de deskundige hulp bij jouw grote hobby 
oppervlaktediffractie, maar natuurlijk ook voor de discussies over werk en de 
wereldproblematiek aan de koffietafel. De leuke sinterklaasavonden, barbecues 
bij jou thuis en algemene gezelligheid op de afdeling zijn ook jou aan te rekenen, 
dus daarvoor ook mijn dank. Ik ben blij dat je de spreuk op de propagandaposter 
nakomt. 
Alan Rowan,  as a source of knowledge and ability, I had a great deal of benefit 
from our discussions and our meetings. With fondness I recall the greasy bites 
(vette hap) and other social events, such as the barbecue at the end of each 
academic year. I thank you for your precious time and because you are 
responsible for the excellent cultivation of conviviality in the department of 
Molecular Materials. 
Willem van Enckevort, als mijn dagelijkse begeleider heb je mij vaak de goede 
kant uitgestuurd en heb je kritisch en met deskundigheid mijn manuscripten uit 
zitten mesten. Dat stel ik erg op prijs. Het was dan ook jammer dat je een vakantie 
in het ziekenhuis besloot te nemen. Maar uiteindelijk heb je mij ook overleeft, net 
als tal van mijn voorgangers. Dank je voor de begeleiding en de interessante 
zijsporen die onze conversaties onontkoombaar ingingen. 
Hans Elemans, je hebt mijn werk erg weten te verlichten door mijn ideeën 
vroegtijdig af te schieten als ze weinig potentie hadden. Ook was je heerlijk 
kritisch van commentaar op mijn manuscripten. Belachelijk dat er in jouw groep 
geen animo is voor tafelvoetbal, maar ik stelde mijzelf hiervoor graag beschikbaar 
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om op zijn tijd een spelletje tegen je te verliezen. Dank voor je deskundige 
adviezen, de gezellige sfeer op het lab en daaromheen. 
Zonder goede technici , mensen met ervaring in meettechnieken, en 
mensen met expertise in allerlei andere dingen, die je te hulp staan ben je als 
promovendus helemaal nergens. Daarom wil ik de volgende mensen ook hartelijk 
bedanken. Hugo Meekes, dank je voor je beschikbaarheid voor vragen mede over 
allerlei dingen, en voor het strikken van studenten voor stages en scripties. René 
de Gelder, bedankt voor het inzicht verschaffen in ruimtegroepen en andere 
kristallografische zaken. Erik de Ronde, jij voorzag mij in al mijn hunkeringen naar 
chemische stofjes en was ook erg nuttig als het ging om verschillende apparaten, 
technieken en opstellingen. Wiesiek Szweryn, jij was zeer nuttig bij alle AFM 
werkzaamheden. Jan Gerritsen, als vraagbaak en expert op gebied van onder 
andere AFM heb jij mij ook van goede adviezen, handigheden en commentaar 
kunnen voorzien. Huub op den Camp, dank je voor de instructie en de uitleg van 
de MALDI. Jan Smits, jij was er alleen nog in levende lijve bij in mijn eerste jaar, 
maar daar heb ik met röntgendiffractie nog veel aan jou gehad. Femke Janssen en 
Pieter van der Meer wil ik graag bedanken voor het leren te gebruiken en uitleg 
over de STM, schitterende techniek. Paul Tinnemans, Arno Bode, Aryan de Jong, 
Stelian Pintea en Elias Vlieg wil ik bedanken voor hun uitleg en discussies over 
oppervlaktediffractie en de verwerking van de data. Alaa Adawy, dank je voor je 
introductie en instructie in eiwitkristallisatie. Joris Münninghoff, Hans Elemans, 
Theo Peters en Alan Rowan wil ik graag bedanken voor hun expertise en hulp op 
gebied van synthese. Paul Schlebos wil ik bedanken voor zijn NMR instructie. Paul 
Hageman wil ik bedanken voor het groeien van GaN en AlN op muscoviet mica 
met MOCVD, en alle discussies daaromtrent. Peter Mulder, bedankt voor het 
opdampen van metalen laagjes op muscoviet mica. Gerard Bauhuis, bedankt voor 
je tijd en de discussies over epitaxiale groei van GaN en AlN. Helene Amatdjais-
Groenen, bedankt voor het uitvoeren van vele element analyses. Jon Feenstra wil 
ik bedanken voor onze leuke ‘vrijdagmiddag’ experimenten met organische 
zonnecellen op mica. Ik had niet gedacht dat ik zo blij zou kunnen worden van een 
polymeerlaagje af laten drijven op water. Wil Corbeek, bedankt voor het 
opknappen van de sporadisch kapotte tafelvoetbaltafelonderdelen. En Sanne 
Granneman, zoals beloofd, bedankt dat je mijn heptaan destillatie in de gaten 
hebt gehouden. 
Then there are my collaborators from different research facilities that may 
not be forgotten. Jakub Drnec, Maciej Jankowski, Francesco Carlà, Roberto Felici, 
and their team of technicians at the ESRF, my sincere gratitude for your help 
during the measurements, and your availability even in the middle of the night. 
Dieter Schlüter and Payam Payamyar from the ETH in Zürich, thank you very 
kindly for the conversations about the interesting polymer you have designed, 
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and for having enough faith in me to send some material. Antoine Fleurence and 
Yukiko Yamada-Takamura from JAIST, thank you for your help and conversations 
about our work with silicene, which unfortunately was somewhat more 
challenging than anticipated. 
Tijdens mijn promotie heb ik het geluk gehad om een aantal studenten te 
mogen begeleiden, die mij veel hebben geleerd over het proces van begeleiding 
en haalbare projecten en werkverschaffing geven. Shane Bozelie, Anouk 
Gasseling, Natalia Gadjieva, Jordi de Lange en Sarah Vaessen, allemaal bedankt 
voor jullie inzet en hulp bij het onderzoek en praktisch werk. De meeste van jullie 
(zo niet allemaal) hebben een zinvolle bijdrage kunnen leveren aan een van mijn 
hoofdstukken en zullen ook nog als coauteur in een publicatie terechtkomen. Ik 
hoop dat jullie het leuk hebben gehad en nog wat van mij hebben kunnen leren. 
Daarnaast heb ik nog een aantal scriptieonderwerpen aangeboden die af zijn 
genomen door Kess Marks, Anne Bakker, Sander Brugman, Shane Bozelie en 
Maikel Kulka. De eerste vier hebben een mooi verhaal afgeleverd, waar ik veel 
van heb geleerd, en deels is de door jullie vergaarde kennis terug te vinden als 
onderbouwing van de introductie. Maikel gaat vast ook nog een schitterend 
verhaal schrijven, maar dat krijg ik helaas niet meer mee binnen mijn 
promotietijd. Dank jullie voor het opnemen van de taak en ik hoop dat jullie 
genoten hebben van het onderwerp dat jullie hebben uitgekozen. 
 Zonder secretaresses loopt de boel natuurlijk ook niet zo gesmeerd, dus 
wil ik Elizabeth Salem, Paula Willems, Marie-Louise Beenen en Barbara Strating 
bedanken voor het regelen en organiseren van diverse dingen, zoals bij afspraken 
met de grote vier (promotoren). 
 Ook zonder ondersteunend personeel, de mensen in het logistiek 
centrum, de glasblazers, de mensen op de werkplaats of de schoonmakers, zou 
het hier niet werkbaar zijn. Daarom lijkt het me niet overbodig om deze paar 
zinnen aan jullie te wijden en bij deze mijn dank te betuigen. 
 Mijn medepromovendi en postdocs kan ik natuurlijk niet vergeten, ik heb 
het erg gezellig gehad met jullie of jullie nou wel of niet met me hebben 
getafelvoetbald. Dus van VSC; Alaa Adawy, Arno Bode, Eleanor Townsend ik vond 
het erg leuk om af en toe samen te eten en je kennis te laten maken met foute 
Nederlandstalige films of je op de een of andere manier op de kast te krijgen, 
Eline Grothe ook met jou heb ik vele leuke filmavondjes beleefd en jouw 
kookkunsten hebben mij geïnspireerd en mijn eigen niveau naar nieuwe hoogtes 
gebracht, hopelijk volgen er nog heel veel meer, Stelian Pintea, Anthonius 
Engwerda ook jij bent een leuke toevoeging aan mijn leven, je kookkunsten zijn 
zich aan het verbeteren, maar vooral je leuke persoonlijkheid en karakter maken 
in dit geval de man, ik denk dat ik nog lang van jou ga genieten, Rita Bylsma, 
Mireille Smets, Laura Spix, René Steendam altijd een groot genoegen om jou 
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gefrustreerd te zien raken bij het tafelvoetbal, maar eveneens om je te zien 
winnen en dingen te horen zeggen bij het scoren als ‘like taking candy from a 
baby’ om maar een quote te nemen die niet te vulgair is, en alle studenten, 
bedankt voor alle uurtjes op het lab, aan de tafelvoetbaltafel, aan de koffietafel 
en vele etentjes. En als medebewoner van het Rowan lab; Kathleen Stout het was 
altijd fijn om tijdens momenten dat ik even moest wachten met synthese om bij 
jou te komen kletsen en je van je werk te houden. Onze etentjes en het kijken van 
series onder het eten, en het zwemmen samen vind ik altijd erg gezellig. Ik 
waardeer je vrijgevige lieve persoonlijkheid. Joris Münninghoff, Anika 
Nagelkerke, Jialiang Xu, Alexandra Alvares, Pim van der Asdonk, Onno van den 
Boomen, Zaskia Eksteen, Emilia Grad, Monique Jacobs, Maarten Jaspers, Arjan 
van der Linden, Laurens Peters, Sophie Ripp, Daniël Schoenmakers, Luuk van 
Summeren, Egle Sirtautaite, Petri Turunen, Temistoklis Zisis, en alle studenten, 
heel erg bedankt voor mijn fijne tijd op het lab, tijdens de borrels, en de vette hap 
borrels. Niet te vergeten dan nog het AMS gevoel, dat mede wordt mogelijk 
gemaakt door; John Schermer, Gerard Bauhuis, Joep Bos-Coenraad, Leon 
Bunthof, Wil Corbeek, Jon Feenstra, Erik Haverkamp, Yu-Ying Hu, Aryan de Jong, 
Andre Kaldenhoven, Eleni Katsia, Linda van Leest: het door ons georganiseerd 
afdelingsuitje was erg geslaagd vond ik, Peter Mulder en Ashkan Tavakoli en de 
studenten, ook jullie allemaal bedankt.  
 Joris Snaaijer, Joas van der Laan en Elio Baldi, wij kennen elkaar al sinds 
groep 1, en groep 5 voor laatstgenoemden. Jullie hebben mij verlaten voor het 
stedelijk gymnasium, maar onze spelletjesavonden zijn gelukkig gewoon 
doorgegaan. Ik heb bewondering voor jullie intellect en dat heeft mij opgestuwd 
om het beste uit mijzelf te halen, wellicht dat er daardoor dit boekje ligt. Joas, als 
mede bèta verbaas ik mij soms over de hoeveelheid dingen die je weet, daarom 
mag je op de tribune de promotie bekijken. Ik wil geen paranimf hebben die 
bijvoorbeeld weet wat mica is. Een goed intellectueel klankbord vind ik belangrijk 
om te hebben in mijn leven, en daar dienen jullie onder andere voor. Bedankt en 
respect dat jullie het nog steeds volhouden. 
 Een leuke (schoon)familie is ook belangrijk als stabiele basis om soms op 
terug te vallen. De gezellige verjaardagsfeesten, kerstetentjes, en spontane 
gelegenheden beleef ik altijd met veel plezier, dus daar wil ik jullie ook allemaal 
voor bedanken. 
 Ik heb geprobeerd volledig te zijn, maar mijn geheugen is niet perfect, dus 
mocht ik iemand vergeten zijn; get over it. 
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Supplementary Information 
Chapter 3  
SI-1 
 
AFM height images of different ion-terminated muscovite mica, AgNO3 (A), CaCl2 
(B), CdCl2 (C), CoI2 (D), MnCl2 (E), NiBr2 (F), VCl3 (G), CuCl2 (H). 
A B 
C D 
189 
 
 
  
E F 
G H 
190 
 
SI-2 
XPS spectra of the metal-ion terminated muscovite mica surfaces (only shown are 
the spectra measured at an electron exit angle of 15⁰) 
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SI-3 
SXRD data and fits of Mn-, Ca-, Cd-, and Ag-terminated muscovite mica. 
 
Figure 1 SXRD data of Ag-terminated muscovite mica (circles with error bar), and fit (line). 
The y-axis depicts the structure factor amplitude and the x-axis depicts the l-value. The labels 
above each graph indicate the h and k-values for the specific crystal truncation rod. The χ2 
value of the resulting fit is 2,3.  
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Figure 2 SXRD data of Ca-terminated muscovite mica (circles with error bar), and fit (line). 
The y-axis depicts the structure factor amplitude and the x-axis depicts the l-value. The labels 
above each graph indicate the h and k-values for the specific crystal truncation rod. The χ2 
value of the resulting fit is 2.5.  
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Figure 3 SXRD data of Cd-terminated muscovite mica (circles with error bar), and fit (line). 
The y-axis depicts the structure factor amplitude and the x-axis depicts the l-value. The labels 
above each graph indicate the h and k-values for the specific crystal truncation rod. The χ2 
value of the resulting fit is 4.4.  
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Figure 4 SXRD data of Mn-terminated muscovite mica (circles with error bar), and fit (line). 
The y-axis depicts the structure factor amplitude and the x-axis depicts the l-value. The labels 
above each graph indicate the h and k-values for the specific crystal truncation rod. The χ2 
value of the resulting fit is 2,9.  
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Chapter 4  
SI-1 MALDI spectrum of a DB15C5 layer on muscovite mica 
 
Spectrum belonging to the sample depicted in figure 3A of chapter 4. The peak at 
339 is from the [DB15C5+Na]+ complex, while the peak at 355 is from the 
[DB15C5+K]+ complex. 
 
SI-2 MALDI spectrum of a DB24C8 layer on muscovite mica 
 
Spectrum belonging to the sample depicted in figure 3C of chapter 4. The peak at 
472 is from the [DB24C8+Na]+ complex, while the peak at 488 is from the 
[DB24C8+K]+ complex.  
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SI-3 MALDI spectrum of the DB18C6 incomplete layer deposited by vapour 
deposition 
 
Spectrum belonging to the sample depicted in figure 5A of chapter 4. The peak at 
382 is from the [DB18C6+Na]+ complex, while the peak at 398 is from the 
[DB18C6+K]+ complex. The peaks are shifted by -1 with respect to the theoretical 
values. 
 
SI-4 MALDI spectrum of the DB18C6 complete layer deposited by vapour 
deposition 
 
Spectrum belonging to the sample depicted in figure 5B chapter 4. The peak at 
382 is from the [DB18C6+Na]+ complex, while the peak at 398 is from the 
[DB18C6+K]+ complex. The peaks are shifted by -1 with respect to the theoretical 
values. 
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SI-5 AFM height images of a mobile DB15C5 2nd layer; the partial top layer is 
0.3±0.1nm high 
 
The time interval between each image is 9 minutes. 
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SI-6 AFM height images of a mobile DB24C8 2nd layer; the partial top layer is 
0.2±0.1nm 
 
The time interval between each image is 9 minutes. 
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SI-7 MALDI spectrum of the muscovite mica surface (DB18C6 layer after exposure 
to a 10-2M KCl solution) 
 
Spectrum belonging to the sample depicted in figure 7B of chapter 4. The peak at 
399 is from the [DB18C6+K]+ complex, the sodium complex is missing. 
 
SI-8 SXRD results on DB24C8 layers 
Samples containing molecular layers of DB18C6 and DB24C8 were measured using 
SXRD, however only the specular rod was measured in these cases. To investigate 
whether reliable information can be gained from the specular rod alone, the 
specular rod of the DB15C5 dataset was fitted without the rest of the dataset. The 
model derived from this fit agreed closely with that from the full data set. The 
specular rod can therefore provide reliable information of the perpendicular 
ordering. It should be noted however, that no in-plane information can be 
obtained from the specular rod, so for DB18C6 and DB24C8 we have no direct 
evidence that these molecules are located such that the potassium atoms are at 
their centre. By analogy to the DB15C5, however, this bonding arrangement is 
very likely. 
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Figure 1 AFM height (left) and phase (right) image of the measured DB24C8 layers on 
muscovite mica. 
 
The height of the measured layers as depicted in the figure above is 0.4±0.1 nm. 
The figure shows a complete layer with patches of a second layer on top of the 
first. The fit of the specular rod is depicted below and has a χ2 = 1.2.  
 
 
Figure 2 Specular rod data (points) and fit (curve) for the DB24C8 layers on muscovite mica. 
The y-axis depicts the structure factor value and the x-axis depicts the l-value. 
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Figure 3 A: Unit cell of the model which was used to fit the DB24C8 dry layers on muscovite 
mica, B: z-density plot in the (00) direction, C: top view of 3x3 muscovite mica unit cells with 
the DB24C8 molecules on top, the top three molecules in the bottom of the image are edited out 
for clarity. 
 
According to the result of the fit, the first layer is tilted by approximately 20⁰ with 
respect to the plane of the surface and has an occupancy of 0.36 and the second 
layer has a tilt of approximately 50⁰ and an occupancy of 0.36. The surface area of 
a DB24C8 molecule was estimated to be 121 Å2 using Spartan ’08 v1.2.0. Using 
this estimate and the angle, the surface coverage for the first molecular layer 
would be 0.9 and for the second layer 0.6. This corresponds well with the AFM 
measurements. Furthermore, the surface area of one DB24C8 molecule was 
derived from its crystal structure ((CSD entry DOHBOC01) area of 116 Å2), which 
compares well with the estimation made using Spartan, showing that this 
approach is valid. According to the fit, the height of the first molecular layer is 0.5 
nm and that of the second layer 0.7 nm. The Debye-Waller parameter for the first 
layer is 0.5 while for the second layer this is 49, which means that the molecular 
position is disordered by 0.01 Å and 0.6 Å for the first and second layer, 
respectively. The height of the second layer of the fit in good agreement with the 
AFM measurement. 
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SI-9 SXRD measurements on DB18C6 layers 
 
Figure 4 AFM height (left) and phase (right) image of the measured DB18C6 layers on 
muscovite mica. 
 
The height of the measured layers as depicted in the figure above is 0.5±0.2 nm. 
The fit of the specular rod is depicted below and has a 𝜒2 = 0.9. 
 
Figure 5 Specular rod data (points) and fit (curve) for the DB18C6 layers on muscovite mica. 
The y-axis depicts the structure factor value and the x-axis depicts the l-value. 
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Figure 6 A: Unit cell of the model which was used to fit the DB18C6 dry layers on muscovite 
mica, B: z-density plot in the (00) direction, C: top view of 3x3 muscovite mica unit cells with 
the DB18C6 molecules on top, the top three molecules in the bottom of the image are edited out 
for clarity. 
 
According to the fit, the first layer is tilted by 20⁰ with respect to the plane of the 
surface and has an occupancy of 0.34 and the second layer is tilted by 50⁰ and has 
an occupancy of 0.07. The surface area of a DB18C6 molecule was estimated to be 
96 Å2 using Spartan ’08 v1.2.0. Using this estimate, the surface coverage for the 
first molecular layer would be 0.7 and for the second layer 0.09, which is low for 
the first layer but corresponds well with the second layer according to the AFM 
measurements. According to the model, the height of the first layer is 0.4 nm and 
that of the second layer 0.9 nm. The Debye-Waller parameter for the first layer is 
4 while for the second layer this is 8, which means that the molecular position is 
disordered by 0.05 Å and 0.1 Å for the first and second layer, respectively.  The 
height of the second layer of the fit is 0.2 nm higher than the one measured with 
AFM, but this is a reasonable figure as an average is measured with SXRD over a 
large surface area. 
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SI-10 Additional SXRD CTRs of DB15C5 
Figure 7 SXRD data rods (dots) and fit (curves) of the DB15C5 layers on muscovite mica. The 
y-axis depicts the structure factor amplitude and the x-axis depicts the l-value. The labels above 
each graph indicate the h- and k-values for the specific crystal truncation rod. 
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Chapter 5 
SI-1 : Ion-exchange procedure, XPS setup specifications, and XPS spectrum of Cu-
terminated muscovite mica 
 Muscovite mica was freshly cleaved and placed into a solution of 10-3M of 
Cu(II)chloride, dihydrate  (99% pure, obtained from Merck) for at least one hour 
for ion exchange. This solution was filtered prior to use with a 0.2 m pore size 
Whatman filter, to remove any large crystallites and other particles from the 
solution. The sample was subsequently washed three times in approximately 15 
mL of water (ultrapure, 18.2 MΩ/cm resistance and < 3 ppb organic content (MQ)) 
for approximately 1 minute. The sample was then directly used for the 
organothiol functionalization. 
XPS was performed at the ESRF, using an aluminium anode as an X-ray 
source of 1486.6 eV, a hemispherical electron energy analyser with channeltron, 
and a base pressure of the ultra-high vacuum chamber of 5 ∙ 10−10mbar. The 
spectrum of Cu terminated muscovite mica is shown in the figure below. Clear 
peaks are visible coming from the copper 2p1/2 and 2p3/2 photoelectron lines. The 
intensity of these peaks was integrated with a linear baseline correction and 
normalized to the K 2s peak (see table). The higher normalized intensity at an 
angle of 15⁰ with respect to 45⁰ shows that the copper ions are located at the 
surface of muscovite mica. 
 
Table 1 Normalized peak intensities of the Cu 2p3/2 peak with respect to the K 2s peak 
Peak measured at 
15⁰ exit angle 
Normalized 
intensity 
(counts) 
Peak measured at 
45⁰ exit angle 
Normalized 
intensity 
(counts) 
Cu 2p3/2 7∙ 103 Cu 2p3/2 1.7 
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Figure 1 XPS spectrum of Cu-terminated muscovite mica, measured at 15° exit angle. 
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SI-2 Additional AFM measurements of different organothiol molecular layers on K-
terminated muscovite mica 
 
Figure 2 Atomic force microscopy height images of different organothiol layers on potassium 
terminated muscovite mica, 1-hexadecanethiol (A), 1-octanethiol (B), 4-biphenylthiol (C), L-
cysteine (D), 11-mercapto-1-undecanol (E), and 6-mercapto-1-hexanol (F). 
  
A B 
C D 
E F 
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SI-3 Additional AFM measurements of different organothiol molecular layers on 
Cu-terminated muscovite mica 
   
 
 
Figure 3 AFM height images of 1-dodecanethiol (A), 9-mercapto-1-nonanol (B), L-cysteine (C), 
and 6-mercaptohexanoic acid (D). 
  
A B 
C D 
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SI-4 Additional AFM measurements regarding the stability of the organothiol 
layers at ambient conditions 
 
 
Figure 4 Layers of 9-mercapto-1-nonanol (A), L-cysteine (C) on K-terminated muscovite mica 
on the day of fabrication, and 6 days later (B,D). 
 
 
 
  
C D 
A B 
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SI-5 Surface X-ray diffraction datasets 
 
The obtained SXRD data of 4-biphenylthiol on potassium-terminated muscovite 
mica required 2 molecules in the model in order to obtain a good fit. The lowest 
lying molecule has an occupancy of 1.46 molecules per unit cell, and the highest 
lying molecule 1.04 molecules per unit cell. The combined height of these layers 
(1.0 nm) is 0.3 nm higher than the measured value obtained with AFM. 
 
 
Figure 5 SXRD specular data of 4-biphenylthiol on K-terminated (top), and Cu-terminated 
(bottom) muscovite mica (dots), and fit (line). The y-axis depicts the structure factor amplitude 
and the x-axis depicts the l-value.  
 
 The obtained SXRD data of 4-biphenylthiol on copper-terminated 
muscovite mica required 1 molecule in the model in order to obtain a good fit. 
The molecule has an occupancy of 0.99 molecules per unit cell. The height of the 
molecule (0.3 nm) corresponds well with the measured value obtained with AFM. 
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The obtained SXRD data of 6-mercaptohexanoic acid on potassium-terminated 
muscovite mica required 2 molecules in the model in order to obtain a good fit. 
The lowest lying molecule has an occupancy of 1.91 molecules per unit cell, and 
the highest lying molecule 1.02 molecules per unit cell. The combined height of 
these layers (1.0 nm) corresponds well with the measured value obtained with 
AFM. 
 
Figure 6 SXRD specular data of 6-mercaptohexanoic acid on K-terminated (top), and Cu-
terminated (bottom) muscovite mica (dots), and fit (line). The y-axis depicts the structure factor 
amplitude and the x-axis depicts the l-value.  
 
 The obtained SXRD data of 6-mercaptohexanoic acid on copper-
terminated muscovite mica required 2 molecules in the model in order to obtain a 
good fit. The lowest lying molecule has an occupancy of 1.53 molecules per unit 
cell, and the highest lying molecule 1.34 molecules per unit cell. The combined 
height of these layers (1.0 nm) is 0.4 nm lower than the measured value obtained 
with AFM. 
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The obtained SXRD data of L-cysteine on potassium-terminated muscovite mica 
required 2 molecules in the model in order to obtain a good fit. The lowest lying 
molecule has an occupancy of 1.92 molecules per unit cell, and the highest lying 
molecule 1.74 molecules per unit cell. The combined height of these layers (0.9 
nm) corresponds well with the measured value obtained with AFM. 
 
Figure 7 SXRD specular data of L-cysteine on K-terminated (top), and Cu-terminated (bottom) 
muscovite mica (dots), and fit (line). The y-axis depicts the structure factor amplitude and the x-
axis depicts the l-value.  
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The obtained SXRD data of L-cysteine on copper-terminated muscovite 
mica required 1 molecule in the model in order to obtain a good fit. The molecule 
has an occupancy of 1.03 molecules per unit cell. The height of the molecule (0.3 
nm) corresponds well with the measured value obtained with AFM. 
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The obtained SXRD data of 9-mercapto-1-nonanol on potassium-terminated 
muscovite mica required 2 molecules in the model in order to obtain a good fit. 
The lowest lying molecule has an occupancy of 1.86 molecules per unit cell, and 
the highest lying molecule 0.25 molecules per unit cell. The combined height of 
these layers (1.2 nm) is 0.3 nm higher than the measured value obtained with 
AFM. 
 
Figure 8 SXRD specular data of 9-mercapto-1-nonanol on K-terminated (top), and Cu-
terminated (bottom) muscovite mica (dots), and fit (line). The y-axis depicts the structure factor 
amplitude and the x-axis depicts the l-value.  
 
 The obtained SXRD data of 9-mercapto-1-nonanol on copper-terminated 
muscovite mica required 2 molecules in the model in order to obtain a good fit. 
The lowest lying molecule has an occupancy of 1.67 molecules per unit cell, and 
the highest lying molecule 0.66 molecules per unit cell. The combined height of 
these layers (1.3 nm) corresponds well with the measured value obtained with 
AFM. 
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The obtained SXRD data of 1-dodecanethiol on potassium-terminated muscovite 
mica required 2 molecules in the model in order to obtain a good fit. The lowest 
lying molecule has an occupancy of 1.35 molecules per unit cell, and the highest 
lying molecule 1.35 molecules per unit cell. The combined height of these layers 
(0.8 nm) is 0.5 nm lower than the measured value obtained with AFM. 
 
Figure 9 SXRD specular data of 1-dodecanethiol on K-terminated (top), and Cu-terminated 
(bottom) muscovite mica (dots), and fit (line). The y-axis depicts the structure factor amplitude 
and the x-axis depicts the l-value.  
 
The obtained SXRD data of 1-dodecanethiol on copper-terminated 
muscovite mica required 1 molecule in the model in order to obtain a good fit. 
The molecule has an occupancy of 1.31 molecules per unit cell. The height of the 
molecule (0.6 nm) is 0.4 nm lower than the measured value obtained with AFM. 
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The obtained SXRD data of 11-mercaptoundecanoic acid on potassium-terminated 
muscovite mica required 2 molecules in the model in order to obtain a good fit. 
The lowest lying molecule has an occupancy of 1.13 molecules per unit cell, and 
the highest lying molecule 0.90 molecules per unit cell. The combined height of 
these layers (0.7 nm) corresponds well with the measured value obtained with 
AFM. 
 
Figure 10 SXRD specular data of 11-mercaptoundecanoic acid on K-terminated (top), and Cu-
terminated (bottom) muscovite mica (dots), and fit (line). The y-axis depicts the structure factor 
amplitude and the x-axis depicts the l-value.  
 
The obtained SXRD data of 11-mercaptoundecanoic acid on potassium-
terminated muscovite mica required 2 molecules in the model in order to obtain a 
good fit. The lowest lying molecule has an occupancy of 1.73 molecules per unit 
cell, and the highest lying molecule 0.49 molecules per unit cell. The combined 
height of these layers (0.7 nm) is 0.6 nm lower than the measured value obtained 
with AFM. 
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The obtained SXRD data of 1,8-octanedithiol on potassium-terminated muscovite 
mica required 2 molecules in the model in order to obtain a good fit. The lowest 
lying molecule has an occupancy of 1.14 molecules per unit cell, and the highest 
lying molecule 1.22 molecules per unit cell. The combined height of these layers 
(1.2 nm) is 0.4 nm lower than the measured value obtained with AFM. 
 
Figure 11 SXRD specular data of 1,8-octanedithiol on K-terminated (top), and Cu-terminated 
(bottom) muscovite mica (dots), and fit (line). The y-axis depicts the structure factor amplitude 
and the x-axis depicts the l-value.  
 
The obtained SXRD data of 1,8-octanedithiol on copper-terminated 
muscovite mica required 2 molecules in the model in order to obtain a good fit. 
The lowest lying molecule has an occupancy of 1.64 molecules per unit cell, and 
the highest lying molecule 0.63 molecules per unit cell. The combined height of 
these layers (1.0 nm) corresponds well with the measured value obtained with 
AFM. 
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Chapter 6  
SI-1 
Synthesis of trimethyl 11,11',11''-(benzene-1,3,5-triyltris(oxy))triundecanoate 
 
 
 
Methyl-11-bromoundecanoate was prepared in accordance with [318]. 30 mmol 
(3.78 g) of benzene-1,3,5-triol, 99 mmol (27.64 g) of methyl-11-
bromoundecanoate, 180 mmol (24.88 g) of potassium carbonate and 30 mmol 
(4.98 g) of potassium iodide were dissolved in 50 mL of DMF and the mixture was 
heated to 60oC under a nitrogen atmosphere for 12 hours. After cooling, the 
product was extracted with water/chloroform, the organic layer was neutralized 
with 1M aqueous hydrochloric acid, washed with water, subsequently with a 
saturated aqueous sodium chloride solution, and dried with magnesium sulfate. 
The solvent was evaporated after filtering, and the crude product was purified 
using column chromatography using a mixture of 10% diethylether, 40% heptane 
and 50% chloroform (v/v/v) as eluent. (12.01 g, 56% as a white solid)  
1H NMR (500 MHz, CDCl3) δ 6.05 (s, 3H), 3.89 (t, J=6.5 Hz, 6H), 3.67 (s, 9H), 2.30 (t, 
J=7.5 Hz, 6H), 1.69 (quintet, J=7.5 Hz, 6H), 1.58 (m, 6H), 1.44 (m, 6H), 1.29 (m, 
30H) 
13C NMR (500 MHz, CDCl3) δ 174.3 (s, 3C), δ 160.9 (s, 3C), δ 93.7 (s, 3C), δ 68.0 (s, 
3C), δ 51.4 (s, 3C), δ 34.1 (s, 3C), δ 29.49 (s, 3C), δ 29.37 (s, 3C), δ 29.35 (s, 3C), δ 
29.25 (s, 3C), δ 29.23 (s, 3C), δ 29.13 (s, 3C), δ 25.9 (s, 3C), δ 24.8 (s, 3C). 
Mp: 52°C 
FT-IR (ATR) cm-1: 2925 (C-H stretch), 2854 (C-H stretch), 1739 (C=O stretch), 1599, 
1462, 1435, 1162, 1062. 
 
Synthesis of TCDB 
 
 
 
The product (trimethyl 11,11',11''-(benzene-1,3,5-triyltris(oxy))triundecanoate) 
was then dissolved in 75 mL of dioxane, 20 mL of methanol and 5 mL of 4M 
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aqueous sodium hydroxide and the mixture was left stirring for 12 hours. The 
mixture was neutralized using 6M aqueous hydrochloric acid and extracted with 
chloroform. The organic solvent was evaporated and the crude product was 
purified using column chromatography using a mixture of 10% diethylether, 40% 
heptane and 50% chloroform (v/v/v) as eluent. (5.14 g, 45% TCDB as a white solid) 
1H NMR (500 MHz, CDCl3) δ 6.06 (s, 3H), 3.92 (t, J=6.5 Hz, 6H), 2.35 (t, J=7.3 Hz, 
6H), 1.73 (quintet, J=7.3 Hz, 6H), 1.63 (quintet, J=7.3 Hz, 6H), 1.42 (m, 6H), 1.30 
(m, 60H) 
13C-NMR (125 MHz, CDCl3): δ 180.30 (COOH), δ 161.0 (Aryl C-O), δ 93.8 (Aryl C-H), 
δ 68.0 (O-CH2), δ 34.0( CH2-COOH), δ 29.4, δ 29.3, δ 29.2, δ 29.0, δ 26.0, δ 24.6. 
Accurate mass: Calc M+H+:  679.47851, Meassured: 679.47525 
 
Elemental analysis: theoretical: C: 68.99%, H: 9.80%, measured: C: 69.05%, H: 
9.87% 
Mp: 81°C 
FT-IR (ATR) cm-1: 3300-2500 (br, O-H stretch), 2925 (C-H stretch), 2854 (C-H 
stretch), 1706 (C=O stretch), 1599, 1463, 1162, 1063. 
 
Materials 
The used silica was siliaflash® P60, with particle size of 40-63 µm, distilled water 
was used for aqueous solutions, chloroform (>99% purity) was purchased from 
Fisher Chemical, potassium iodide (≥99.5% purity) was obtained from Merck, 
potassium carbonate (>99% purity) was obtained from fisher scientific, 
magnesium sulfate (≥99% purity) was obtained from Sigma Aldrich, CDCl3 (>99.8% 
purity) was obtained from Cambridge isotope laboratories, DMF, heptane, and 
diethylether were obtained from J.T.Baker. 
SI-2 
 
Protein crystallization experimental conditions 
All protein crystallization experiments were performed in a hanging drop 
(10 µL) configuration, with a 1 mL basin (in the case of insulin without a basin), 
where the drop was surrounded with a circle of vacuum grease, and the 
muscovite mica was sealed to a well plate also using Dow Corning high vacuum 
grease. The temperature was kept at 20±1⁰C. 
Insulin crystallization was carried out using the procedure of Frankaer et 
al. [319], to obtain the T6-insulin crystals, but here with a starting insulin 
concentration of 2.6 mg/mL at a pH of 4.6. Insulin from bovine pancreas Lot 
#069K09822, zinc chloride reagent grade ≥98% pure, and sodium citrate tribasic 
dihydrate ACS reagent ≥99.0% pure were obtained from Sigma Aldrich.  
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Bovine serum albumin (BSA) ≥96% Lot #SLBH8292V and polyethylene 
glycol (PEG-400) Lot #BCBG1121V were obtained from Sigma Aldrich. Potassium 
dihydrogenphosphate GR for analysis ≥99.5% pure was obtained from Merck. For 
the crystallization drop (10 µL), BSA was dissolved in 0.1 M KH2PO4 aqueous 
solution to obtain a concentration of 200 mg/mL and pH 7.0. PEG-400 was added 
to obtain a final 20% v/v PEG-400 concentration. The basin consisted of 1 mL of 
20% v/v PEG-400 and 80% 
v/v 0.1 M KH2PO4 aqueous solution.  
Pure Talin_T0004 Lot #O283/001/A11 was obtained from Naturex, 
Tris(hydroxymethyl)aminomethane ACS, Reag. Ph Eur, GR for analysis, ≥99.8% 
pure, was obtained from Merck, and sodium citrate tribasic dihydrate ACS reagent 
≥99% pure was obtained from Sigma Aldrich. Talin was dissolved in 1 mM 
Tris(hydroxymethyl)aminomethane aqueous solution to obtain a concentration of 
40 mg/mL and acidified with HCl to pH 6.5. The crystallization drop (10µL) 
consisted of 50% v/v Talin solution and 50% 
v/v 1 mM 
Tris(hydroxymethyl)aminomethane with 0.75 M di-sodium tartrate dihydrate 
aqueous solution at pH 6.5. The basin consisted of 1 mM 
Tris(hydroxymethyl)aminomethane with 0.75 M di-sodium tartrate dihydrate 
aqueous solution at pH 6.5.  
Lysozyme from chicken egg white (HEWL) ≥90% purity Lot #088K1358, and 
Sodium Acetate ≥99% purity were obtained from Sigma Aldrich. Sodium Chloride 
(NaCl) GR for analysis ≥99.5% purity was obtained from Merck. The crystallization 
drop (10µL) consisted of 50% v/v 40mg/mL HEWL dissolved in 50 mM aqueous 
sodium acetate solution which was acidified to pH 4.5 using acetic acid, and 50% 
v/v 40 mg/mL NaCl dissolved in 50mM aqueous sodium acetate which was 
acidified to pH 4.5 with acetic acid. The basin consisted of 1 mL of 40mg/mL NaCl 
dissolved in 50 mM aqueous sodium acetate which was acidified to pH 4.5 with 
acetic acid.  
All materials were used without further purification. All solutions were 
filtered prior to the crystallization experiments using PALL Life Sciences GHP 
Acrodisc 13 mm Syringe filters with a 0.45 µm GHP membrane. The NuncTM Non-
Treated Multidishes (well plates) containing a 1 mL working volume were 
obtained from thermo scientific. The concentration of the protein solutions was 
checked with UV-Vis spectroscopy by inspecting the absorption at characteristic 
wavelengths of each protein (BSA: ε=0.65 at 279 nm, insulin: ε=1.04 at 280 nm, 
thalin: ε=0.766 at 278 nm, and HEWL: ε=2.64 at 281 nm).  
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Chapter 7 
SI-1 Protein crystallization experimental conditions 
All protein crystallization experiments were performed in a hanging drop 
(10 µL) configuration, with a 1 mL basin (in the case of insulin without a basin), 
where the drop was surrounded with a circle of vacuum grease, and the 
muscovite mica was sealed to a well plate also using Dow Corning high vacuum 
grease. The temperature was kept at 20±1⁰C. 
Insulin crystallization was carried out using the procedure of Frankaer et 
al. [319], to obtain the T6-insulin crystals, but here with a starting insulin 
concentration of 2.6 mg/mL at a pH of 4.6. Insulin from bovine pancreas Lot 
#069K09822, zinc chloride reagent grade ≥98% pure, and sodium citrate tribasic 
dihydrate ACS reagent ≥99.0% pure were obtained from Sigma Aldrich.  
Bovine serum albumin (BSA) ≥96% Lot #SLBH8292V and polyethylene 
glycol (PEG-400) Lot #BCBG1121V were obtained from Sigma Aldrich. Potassium 
dihydrogenphosphate GR for analysis ≥99.5% pure was obtained from Merck. For 
the crystallization drop (10 µL), BSA was dissolved in 0.1 M KH2PO4 aqueous 
solution to obtain a concentration of 200 mg/mL and pH 7.0. PEG-400 was added 
to obtain a final 20% v/v PEG-400 concentration. The basin consisted of 1 mL of 
20% v/v PEG-400 and 80% 
v/v 0.1 M KH2PO4 aqueous solution.  
Pure Talin_T0004 Lot #O283/001/A11 was obtained from Naturex, 
Tris(hydroxymethyl)aminomethane ACS, Reag. Ph Eur, GR for analysis, ≥99.8% 
pure, was obtained from Merck, and sodium citrate tribasic dihydrate ACS reagent 
≥99% pure was obtained from Sigma Aldrich. Talin was dissolved in 1 mM 
Tris(hydroxymethyl)aminomethane aqueous solution to obtain a concentration of 
40 mg/mL and acidified with HCl to pH 6.5. The crystallization drop (10µL) 
consisted of 50% v/v Talin solution and 50% 
v/v 1 mM 
Tris(hydroxymethyl)aminomethane with 0.75 M di-sodium tartrate dihydrate 
aqueous solution at pH 6.5. The basin consisted of 1 mM 
Tris(hydroxymethyl)aminomethane with 0.75 M di-sodium tartrate dihydrate 
aqueous solution at pH 6.5.  
Lysozyme from chicken egg white (HEWL) ≥90% purity Lot #088K1358, and 
Sodium Acetate ≥99% purity were obtained from Sigma Aldrich. Sodium Chloride 
(NaCl) GR for analysis ≥99.5% purity was obtained from Merck. The crystallization 
drop (10µL) consisted of 50% v/v 40mg/mL HEWL dissolved in 50 mM aqueous 
sodium acetate solution which was acidified to pH 4.5 using acetic acid, and 50% 
v/v 40 mg/mL NaCl dissolved in 50mM aqueous sodium acetate which was 
acidified to pH 4.5 with acetic acid. The basin consisted of 1 mL of 40mg/mL NaCl 
dissolved in 50 mM aqueous sodium acetate which was acidified to pH 4.5 with 
acetic acid.  
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All materials were used without further purification. All solutions were 
filtered prior to the crystallization experiments using PALL Life Sciences GHP 
Acrodisc 13 mm Syringe filters with a 0.45 µm GHP membrane. The NuncTM Non-
Treated Multidishes (well plates) containing a 1 mL working volume were 
obtained from thermo scientific. The concentration of the protein solutions was 
checked with UV-Vis spectroscopy by inspecting the absorption at characteristic 
wavelengths of each protein (BSA: ε=0.65 at 279 nm, insulin: ε=1.04 at 280 nm, 
thalin: ε=0.766 at 278 nm, and HEWL: ε=2.64 at 281 nm).  
 
SI-2 
 
Atomic force microscopy height images of ion-exchanged muscovite mica, smooth Zn-
terminated muscovite mica (A), and rough Fe-exchanged muscovite mica (B).  
  
A B 
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SI-3 
Experimental details for lysozyme crystallization in the presence of trace amounts 
of metal ions. 
A saturated aqueous solution of CoI2 and 40mg/mL solutions of CdCl2, ZnCl2, NiBr2, 
and MnCl2 were acidified with acetic acid to pH 4.5. 1µL of these solutions was 
added to 1mL of 40mg/mL NaCl solution with 50mM of sodium acetate at pH 4.5. 
From these diluted solutions 1 µL was put in the crystallization drop, together 
with 4µL of 40mg/mL NaCl solution with 50mM of sodium acetate at pH 4.5, and 
5µL of 57.5mg/mL hen egg white lysozyme in 50mM of sodium acetate at pH 4.5. 
The experiment was carried out in a hanging drop conformation, with cleaved 
mica as the contact surface with the drop. The basin consisted of 1mL of 40mg/mL 
NaCl solution with 50mM of sodium acetate at pH 4.5. All solutions were filtered 
prior to the crystallization experiments using PALL Life Sciences GHP Acrodisc 
13mm Syringe filters with a 0.45µm GHP membrane. NuncTM Non-Treated 
Multidishes (well plates) were used, containing a 1mL working volume, and were 
obtained from thermo scientific. These experiments were performed in fourfold, 
and were carried out in parallel under the same external conditions. Crystals were 
counted manually on a daily basis with the help of an optical microscope. The bar 
plot below shows the results of these crystallization experiments. 
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Chapter 8  
SI-1) Experimental 
Muscovite mica (quality grade ASTM-V1) was obtained from S&J Trading Inc. Glen 
Oaks NY USA. The monomer unit was kindly provided by Dr Payam Payamyar of 
the research group of Prof. Dr. Schlüter at the ETH in Zürich; its synthesis has been 
described by Kissel et al. [240]. Specifically ‘precursor macrocycle 2’ (PM2) was 
used (Figure 1A).  
The macrocycle (PM2) was dissolved in chloroform (CHROMASOLV for 
HPLC ≥99.8% pure, obtained from Sigma Aldrich) to obtain a concentration of 
1.1 ∙ 10−4 M. Freshly cleaved muscovite mica were dip-coated into the solution 
for 10 sec., then removed from the solution over a time range of 20 sec. Finally, 
the sample was vertically dried for 2 min. under a gentle nitrogen gas flow. 
Polymerization of the molecules in the organic layer was carried out by irradiation 
for 15 min. using a D2-lamp from a HEL DH-2000-BAL UV-Vis-NIR 
photospectrometer light source. The obtained surfaces were characterized using a 
NanoScope Multimode 8 Atomic Force Microscope (AFM) with HA-NC tips from 
NT-MDT. The protein crystallization experiments are described in SI-2. All protein 
crystallization experiments were repeated six times. 
Spectrum of the D2-lamp of the HEL DH-2000-BAL UV-Vis-NIR 
photospectrometer light source, used for polymerization. 
 
 
 
SI-2) Protein crystallization: experimental procedure 
All protein crystallization experiments were performed in a hanging drop 
(10 µL) configuration, with a 1 mL basin (in the case of insulin without a basin), 
where the drop was surrounded by a circle of vacuum grease, and the muscovite 
mica was sealed to a well plate also using Dow Corning high vacuum grease. The 
temperature was kept at 20±1⁰C. 
Insulin crystallization was carried out based on the procedure of Frankaer 
et al. [319], to obtain the T6-insulin crystals, but here with a starting insulin 
concentration of 2.6 mg/mL at a pH of 4.6. Insulin from bovine pancreas Lot 
#069K09822, zinc chloride reagent grade ≥98% pure, and sodium citrate tribasic 
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dihydrate ACS reagent ≥99.0% pure were obtained from Sigma Aldrich. Insulin 
was dissolved in water with pH 1.7. To this, 1 eq. v/v ZnCl2 in water, 5 eq. trisodium 
citrate 0.2 M in water, 3 eq. acetone, and 1 eq. water (all at neutral pH) were 
added in this order, to give the crystallization drop. 
Bovine serum albumin (BSA) ≥96% Lot #SLBH8292V and polyethylene 
glycol (PEG-400) Lot #BCBG1121V were obtained from Sigma Aldrich. Potassium 
dihydrogenphosphate GR for analysis ≥99.5% pure was obtained from Merck. For 
the crystallization drop (10 µL), BSA was dissolved in 0.1 M KH2PO4 aqueous 
solution to obtain a concentration of 200 mg/mL and pH 7.0. PEG-400 was added 
to obtain a final 20% v/v PEG-400 concentration. The basin consisted of 1 mL of 
20% v/v PEG-400 and 80% 
v/v 0.1 M KH2PO4 aqueous solution.  
Pure Talin_T0004 Lot #O283/001/A11 was obtained from Naturex, 
Tris(hydroxymethyl)aminomethane ACS, Reag. Ph Eur, GR for analysis, ≥99.8% 
pure, was obtained from Merck, and sodium citrate tribasic dihydrate ACS reagent 
≥99% pure was obtained from Sigma Aldrich. Talin was dissolved in 1 mM 
Tris(hydroxymethyl)aminomethane aqueous solution to obtain a concentration of 
40 mg/mL and acidified with HCl to pH 6.5. The crystallization drop (10µL) 
consisted of 50% v/v Talin solution and 50% 
v/v 1 mM 
Tris(hydroxymethyl)aminomethane with 0.75 M di-sodium tartrate dihydrate 
aqueous solution at pH 6.5. The basin consisted of 1 mM 
Tris(hydroxymethyl)aminomethane with 0.75 M di-sodium tartrate dihydrate 
aqueous solution at pH 6.5.  
Lysozyme from chicken egg white (HEWL) ≥90% purity Lot #088K1358, and 
Sodium Acetate ≥99% purity were obtained from Sigma Aldrich. Sodium Chloride 
(NaCl) GR for analysis ≥99.5% purity was obtained from Merck. The crystallization 
drop (10µL) consisted of 50% v/v 40mg/mL HEWL dissolved in 50 mM aqueous 
sodium acetate solution which was acidified to pH 4.5 using acetic acid, and 50% 
v/v 40 mg/mL NaCl dissolved in 50mM aqueous sodium acetate which was 
acidified to pH 4.5 with acetic acid. The basin consisted of 1 mL of 40mg/mL NaCl 
dissolved in 50 mM aqueous sodium acetate which was acidified to pH 4.5 with 
acetic acid.  
All materials were used without further purification. All solutions were 
filtered prior to the crystallization experiments using PALL Life Sciences GHP 
Acrodisc 13 mm Syringe filters with a 0.45 µm GHP membrane. The NuncTM Non-
Treated Multidishes (well plates) containing a 1 mL working volume were 
obtained from thermo scientific. The concentration of the protein solutions was 
checked with UV-Vis spectroscopy by inspecting the absorption at characteristic 
wavelengths of each protein (BSA: ε=0.65 at 279 nm, insulin: ε=1.04 at 280 nm, 
thalin: ε=0.766 at 278 nm, and HEWL: ε=2.64 at 281 nm).  
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SI-3) Additional information about the polymerized PM2 layer 
A reorganization of the PM2 molecules and difference in surface morphology was 
observed when PM2 solution was drop casted on muscovite mica (Figure 5 left 
image) and then exposed to UV-irradiation (Figure 5 right image). In this case the 
surface contains an unclosed layer after UV irradiation (Figure 5 right image), with 
a height of 1.1 ± 0.1 nm, which approximately corresponds to the height of one 
PM2 molecule. 
 
 
Figure 5 AFM height images of drop casted PM2 material on muscovite mica, before (left), and 
after UV exposure (B). 
 
Figure 8 shows what happens with the layers depicted in Figure 2A-B if 
they are washed in 20 mL ethanol for 10 sec.  The homogenous molecular layer 
that was not exposed to UV radiation has disappeared, and, instead, aggregated 
piles of material are visible (Figure 6A). However, if the layer is exposed to UV 
radiation, a layer remains on the surface as can be seen from the holes in Figure 
6B. These holes are 1.1 ± 0.2 nm deep, corresponding with one molecular height 
of PM2. Also in this case aggregated material was observed, which can be 
explained by the fact that in the polymerization step only part of the mica 
substrate was exposed to UV light, due to the limited illumination area of the UV 
source. This might have left unpolymerized material at the extremities of the 
substrate, which dissolves in the ethanol, and aggregates during drying at a 
different location. Based on the observed difference in surface morphology 
between the unpolymerized and polymerized surface, it was concluded that the 
PM2 has polymerized. In the protein crystallization experiments, only the part of 
the surface is used that has been exposed to UV light. 
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Figure 6 AFM height images of a molecular layer after washing in ethanol for 10 seconds with a 
molecular layer that has not been exposed (A), and a molecular layer that has been exposed to 
UV radiation (B). Figure A shows only aggregated material, while figure B shows a layer (as can 
be deduced from the holes), with aggregated material on top of it. 
 
The polymerized PM2 layer could be transferred to a different substrate 
using a lift-off technique described, for example, by Zheng et al. [320], and Li et al. 
[145], in this technique the muscovite mica is lowered in a basin of water under a 
sharp angle, and the polymer layer is floated off onto the air-water interface. The 
fact that a sheet of material can be transferred shows that a polymerized layer is 
present on the muscovite mica surface. The transferred PM2 polymer layer also 
gives information about the thickness of the layer, although the layer can fold 
onto itself. Broken transferred polymerized PM2 sheets, which were scooped up 
with a clean muscovite mica substrate, sometimes reach up to several tens of 
nanometres in height as imaged using AFM. Attempts to transfer the material to a 
TEM-grid were unsuccessful, no grid holes (of 20 x 20µm) were completely filled 
with material, while Payamyar et al. [92] were able to achieve this with a layer 
prepared using the Langmuir-Blodgett method. In our case the transfer might 
have failed because the layer does not stay intact over such large distances. 
A transferred polymer layer on a different piece of freshly cleaved 
muscovite mica using the lift-off technique is shown in Figure 7. The left image 
shows the original (empty) substrate, in the right image the new substrate with a 
polymer layer is shown, as can be clearly seen from the dark holes. The depth of 
the holes is up to 1.5 nm, approximately the height of one PM2 molecule. 
A B 
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Figure 7 Muscovite mica surface after transfer (left), and transferred 2DP layer onto a clean 
muscovite mica surface (right). 
  
 
SI-4) Similarly oriented insulin crystals on the polymer network with 60⁰ angles 
indicated between several similarly oriented insulin crystals. The scale bar in each 
picture represents 100µm. 
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SI-5) Calculation of lattice match 
For the calculation of the lattice match we used the crystal structure from 
monomer 1 from [240] (a molecule very similar to PM2. We assumed that the 
polymerized network and the self-assembled monolayer differ little in lattice 
dimensions, because this was also observed in the crystal structure of a 
polymerized crystal with respect to the unpolymerized crystal by Kory et al. [96]. 
 
SI-6)  
HEWL, BSA, Talin 
In the case of HEWL, both the number of crystals was found to be significantly 
higher (67 ± 6, with respect to 22 ± 5 on clean muscovite mica) and crystals were 
larger on top of the 2DP network than on cleaved muscovite mica (Figures 8 and 
9). This shows that the polymer network has a positive effect on the crystallization 
of HEWL as well. A reason why more and bigger HEWL crystals were observed 
could again be the ordered network with large lattice dimensions that can induce 
molecular order of the HEWL molecules, which can lead to faster nucleation [16, 
17]. 
 
 
Figure 8 Number of HEWL crystals as a function of time (in days) , on the polymer network 
(A), and on cleaved muscovite mica (B). 
A B 
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Figure 9 Optical microscopy images of HEWL crystals 5 days after the experiment was set up 
on the polymer network (A), and on muscovite mica (B) (the scale bars represent 100 µm). 
 
The other investigated proteins did not show a significantly different 
crystallization behaviour on the 2DP functionalized muscovite mica surfaces as 
compared to clean muscovite mica. The experimental results can be found below. 
 
Figure 10 Number of BSA crystals on the polymer and muscovite mica surfaces, no further 
nucleation took place after day 1. 
A B 
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Figure 11 Number of insulin crystals on the polymer and muscovite mica surfaces as a function 
of time. 
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Figure 12 Number of talin crystals on the polymer and muscovite mica surfaces as a function of 
time. 
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Chapter 10 
SI-1  Additional powder X-ray diffraction patterns of noble metal layers on 
muscovite mica untreated and treated with organothiols 
 
 
Powder X-ray diffraction pattern of a silver layer evaporated on muscovite mica untreated (red 
line), and treated with 6-mercaptohexanoic acid (blue line continued in green). The extra peak 
not related to mica and silver is indicated by an arrow. 
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Powder X-ray diffraction pattern of a copper layer evaporated on muscovite mica untreated 
(green line), and treated with 6-mercaptohexanoic acid (blue line). No extra peak was found. 
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Powder X-ray diffraction pattern of a copper layer evaporated on muscovite mica untreated 
(green line), and treated with 3-mercaptopropionic acid (blue line). The extra peak not related 
to mica and copper is indicated by an arrow. 
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Powder X-ray diffraction pattern of a silver layer evaporated on muscovite mica untreated 
(green line), and treated with 3-mercaptopropionic acid (blue line). The extra peak not related 
to mica and silver is indicated by an arrow. 
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Powder X-ray diffraction pattern of a gold layer evaporated on muscovite mica untreated 
(green line), and treated with 3-mercaptopropionic acid (blue line). No extra peak was found.  
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SI-2:  Powder X-ray diffraction patterns of metal salt precipitates with 6-
mercaptohexanoic acid and 3-mercapto propionic acid 
 
 
X-ray powder diffraction pattern of precipitate resulting from adding 6-mercaptohexanoic acid 
to an aqueous solution of CuCl2. The first peak positions (indicated with the arrows) 
correspond with d-spacings of 21.8, 10.6, and 7.1 Å. 
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Powder X-ray diffraction pattern of precipitate resulting from adding 6-mercaptohexanoic acid 
to an aqueous solution of AgNO3. The first peak positions (indicated with the arrows)  
correspond with d-spacings of 18.0, 13.6, and 9.0 Å (excluding the first peak, which probably 
results from vacuum grease). 
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Powder diffraction pattern of precipitate resulting from adding 3-mercaptopropionic acid to an 
aqueous solution of AgNO3. The first peak positions (indicated with the arrows)  correspond 
with d-spacings of 13.0, 6.6, and 4.4 Å. 
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Powder diffraction pattern of precipitate resulting from adding 3-mercaptohexanoic acid to an 
aqueous solution of CuSO4. The first peak positions, indicated with the arrows, correspond 
with d-spacings of 13.5, 6.8, and 4.6 Å. 
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Chapter 11  
 
SI-1 
20nm aluminium layer deposited on muscovite mica, the morphology of which is 
followed over time with AFM. 
 
Day of growth   4 days after growth 
 
11 days after growth 
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SI-2 
AlN layer deposited on muscovite mica, left in the reactor under H2 atmosphere 
for 30 minutes at 400°C. 
 
Day of growth   5 days after growth 
 
12 days after growth 
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SI-3 
AlN layer deposited on muscovite mica, a GaN growth step was subsequently 
performed for 30 min. at 400°C. The stability of the layer was followed over time 
with the help of AFM. The bottom of the measurement at 12 days after growth 
shows an artefact, where the tip loses contact with the surface. 
 
Day of growth   5 days after growth 
 
12 days after growth 
 
 
 
